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Abstract 
 
InAs/GaAs quantum dots (QDs) under their exposure to a nitrogen plasma were investigated 

using photoluminescence (PL) and X-Ray Photoelectron Spectroscopy (XPS) techniques. The 

motivation of this work is to study the effect of nitrogen in InAs QDs, and their role in the 

amelioration of optical properties. At low temperature, nitrogen addition causes a red-shift of 

the PL emission. This can be explained by reduction of quantum confinement. Power- 

dependent analysis of PL exhibit that the transition is about band-to-band intrinsic 

recombination which may be due to the formation of an lnAsN thin layer at the interface of 

InAs QDs. 

XPS is used to determine the species created at the surface. To follow QDs nitridation, we 

focused our attention on the N1s and In3d XPS spectra.  

The temperature dependent PL measurements in the range 10–300 K for nitrided InAs QDs 

showed an S-shape in PL peak energy and contributed to an estimated value of exciton 

localization energy. 

In addition, by increasing the time nitridation in InAs QDs, the emission wavelength increases 

further. Our results displayed a significant improvement of the crystalline quality and 

enhancement of the optical properties for InAs QDs grown after nitridation. 

Keywords: Nitridation effect, InAs QDs, X-Ray Photoelectron Spectroscopy (XPS), 

Photoluminescence (PL), S-shape. 
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1. Introduction 
 
The growth of self-assembled InAs/GaAs quantum dots (QDs) has been studied extensively in 

recent years with particular prominence on optoelectronic devices [1,2] and for high 

performance and low-cost optical communication lasers [3,4]. However, a large InAs-GaAs 

lattice mismatch (7%) induces an unwanted quantum dot band gap increase [5,6]. For this 

reason, in order to decrease this mismatch, nitrogen was added to InAs QDs [6]. 

The active regions of devices in semiconductor electronics have been regularly decreasing in 

recent years [7]. As a result, surfaces and interfaces have a larger influence on device 

characteristics. So, to eliminate the undesirable effect of the surface on device properties, the 

technique called ‘nitridation’ is being vigorously developed. In fact, the surface nitridation 

technology of III-V semi-conductors [8-10] has been a critical way for to extend the emitting 

wavelength [11,12]. Yang Zhao et al showed a significant improvement of the crystalline 

qualities and surface morphologies and enhancement of the electrical and optical properties 

for InN films after nitridation [13].   

The photoluminescence study versus temperature provides useful information about the 

material, which is of considerable practical and theoretical interest. Nitridation of GaAs has 

been extensively studied mainly as the initial stage of GaN growth on GaAs wafers and as a 

method for the preparation of thick GaN layers [14-16]. To our knowledge, there have been 

very few reports on the nitridation of InAs. 

This paper reports on the optical properties of InAs QDs grown on GaAs (100) substrate by 

solid source molecular beam epitaxy (MBE), which have been studied by X-Ray 

Photoelectron Spectroscopy (XPS) and PL experiments. We investigate the influence of 

nitridation on optical properties in InAs QDs. Also, we will discuss the influence of time 

nitridation in such structures. 

 

2. Experimental details 

Self-assembled InAs QDs were grown on GaAs substrate by MBE system with using Stranski 

–Krastanov (SK) process. Active N species were created in radio-frequency (rf) plasma using 

an electron cyclotron source from ultrapure N2 gas. The nitrogen partial pressure was 7-8.10-5 

mbar. A 200 nm buffer layer of GaAs was grown at 580°C. InAs deposition was performed at 

500°C. The deposition rate of InAs was 3 ML/s, which was estimated from the reflection high 

energy electron diffraction (RHEED) oscillations. The transition from two-dimensional (2D) 

wetting layer to three-dimensional (3D) islands growth is determined from the change in the 
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RHEED pattern (fig.1). The nominal deposition rate was 0.4 Å/s. The studied samples S0 and 

S1 corresponding, respectively, to non-capped and capped GaAs layer. After growing InAs 

QDs, we performed atomic layer nitridation for two different durations of 1 and 3 hours 

(respectively for S2 and S3 samples).  

The in-situ method based on X-Ray Spectroscopy (XPS) is developed in order to determine 

the nanostructure surface and chemical bonding [17] of a deposited InAs QDs on GaAs 

substrate after nitridation. XPS measurements were carried out in an UHV chamber equipped 

with an XPS system (dual anode Al-Mg X-ray source and hemispherical electron energy 

analyzer OMICRON EA125). The Mg Kα source (1253.6 eV) is separated from the analyzer 

by an angle of 55° (almost the “magic angle”: L = 1), constant pass energy of the analyzer 

equal to 20 eV and Medium Magnification Mode was used for analysis. Considering the 

absence of adventitious carbon on the surface, binding energy was referenced to As3d5/2 

peak of the GaAs substrate at 40.4 eV.  

Photoluminescence (PL) was measured to characterize the nitrided QDs. The samples were 

excited by 514 nm line of Ar+ ion laser. Spectral analysis of the luminescence measurements 

was dispersed using Jobin Yvin HRD1 monochromator and detected by a thermoelectrically 

cooled Si photodetector. The excitation density was fixed at 80 W/cm2.  

 

3. Results and discussion 

Fig.2 shows the 10 K PL spectra of S0, S1 and S2 samples using 80 mW excitation in the 

range of 750-1100 nm. In order to determine the exact peak energy of each samples, PL 

spectra were deconvoluted by using OriginPro analysis software with Gaussian function. Due 

to band-to-band recombination in GaAs, the A band appears in S0, S1 and S2 at the same 

energy around 1.44 eV (gap of GaAs). The wide peak B appears at energies 1.24 and 1.22 eV 

with a full width at half maximum (FWHM) of 157 and 140 meV, respectively, for S1 and S2 

samples, which can be attributed to InAs quantum dots (QDs). The origin of the widening can 

be explained by the carrier scattering processes and quantum dot size variation [18]. 

Furthermore, we notice that the PL intensity of sample S2 is enhanced more than the intensity 

of sample S1 which can be explained by the decrease of non-radiative centers due to nitrogen 

incorporation effect [19,20]. This phenomenon points out the relevance of incorporation of 

nitrogen in such structure would enhance the PL intensity. Based on the FWHM drop and 

intensity increase for sample S2 than that of sample S1, the crystalline quality is improved for 
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sample S2. As a result, for sample S2 the enhancement of the crystalline quality is related to 

nitrogen incorporation. From another side, the presence of oxidation effect can be explained 

by the absence of GaAs cap layer in sample S0. In this case, the InAs QDs leading to surface 

roughness show a success of localization of carriers in InAs QDs, which is manifested by the 

appearance of low InAs QDs PL band. 

The PL B-band displays a red shift with nitrogen addition as shown in fig.2c. The observed 

red shift of the QD PL by the nitridation is about 20 meV. Two possible explanations could be 

related to this behavior of PL peak for our samples: (i) the dislocations that were located in 

nitrided InAs QDs and (ii) the weaken of quantum confinement effect. In fact, according to 

the PL results as described above, the model which can be considered for our nitrided QDs is 

that a thin lnAsN layer [21] covers the InAs QDs. A similar conclusion was also reported by 

V. Sallet et al [11] attributed the low energy shoulder in nitrided InAs QDs to the reduction of 

quantum confinement. 

In order to understand the nature of InAs peaks energies, the PL spectra at different optical 

excitation powers varying between 8 and 80 mW were measured as shown in fig.3 a and b. 

We notice that for sample S1 and S2, the PL intensity decreases with decreasing excitation 

power. By fitting the PL intensity drop, we obtained that the exponent n is at around of the 

unity and no saturation at higher excitation power [22] is detected (fig.4). This indicates that 

this PL transition is not ascribed to any impurity or defects, yet it is an intrinsic recombination 

(band-to-band) [22,23]. 

In addition, we observed a red shift in PL peak energy (P2) with the increase of power 

excitation for sample S2. All changes are illustrated with arrows in fig.3. This red shift 

produced at the higher excitation power comes from the band-bending effect [23,24] induced 

by the spatial separation of electrons and holes at InAs/GaAs interface. This behavior is a 

fingerprint of a type-II radiative recombination [25]. For this reason, may be a new layer was 

produced at S2 sample caused by nitrogen incorporation. These results require more 

investigations. 

Fig.5 a and b show the PL response of our structure at room temperature (300 K). For sample 

S1, a Gaussian fit of the PL spectra shows two peaks located at around 0.862 µm (1.430 eV) 

for GaAs and 1.010µm (1.228 eV) for InAs QDs. For sample S2, the two peaks are located at 

around 0.862 µm (1.430 eV) and 1.014 µm (1.223 eV) respectively for GaAs and InAs QDs. 

These results show the possibility of our structure application in optoelectronic devices such 

as solar cell [26]. 
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To monitor the nitridation, in situ XPS measurements were performed. Using this technique, a 

large surface area is analyzed, gathering information from the InAs QDs and the GaAs 

substrate. Then we focused our attention on the N1s and In3d XPS spectra to specifically 

follow the nitridation of the QDs. Fig.6 show these spectra at TOA=0° (take off angles) for 

samples S2 and S3. The N1s and In3d spectra are fitted using Gaussian peak after removing 

the background using the Shirley function. The In3d peaks of the samples S2 and S3, 

respectively shown in figs.6 a and c, exhibit two contributions ascribed to the In-As bonds at 

444.0 eV and to the In-N bonds at 444.5 eV showing the nitridation of the QDs [27]. This last 

contribution can also be ascribed to In-O bonds but very few oxygen is detected after the 

nitridation on samples S2 and S3 (not shown here). The QDs nitridation is confirmed by the 

detection of the N1s peaks (figs.6b and d) which can be decomposed in three contributions, 

the main contribution is ascribed to the In-N and Ga-N bonds at 396.5 eV and the two other 

low contributions are due to a mixed compound In-(As,N) at 397.5 eV and some interstitial 

nitrogen atoms at 402.8 eV [28,29]. From these results, one can see that the QDs were 

successfully nitrided. Note that the In-N contribution detected in the In3d peak and the N1s 

signal of the sample S2 are lower than the ones for the sample S3 indicating a lower nitrogen 

quantity integrated in the QDs. 

Now, in order to further confirm the effect of nitrogen incorporation, we increased the time of 

nitridation from 1 hour (Sample S2) to 3 hours (Sample S3) as mentioned in fig.7. As can be 

seen in this figure, the PL intensity of sample S2 is intense and narrower than that of sample 

S3. This phenomenon can be explained by the increase of nitrogen incorporation                                                                                                                             

with the increase of nitridation time into the structure. We mention that longer duration of 

nitridation of InAs QDs could results drastically the deterioration of material quality, which 

may introduce scattering centers for residual carriers. Indeed, the PL peak energy shifts to low 

energies, which may be due to the increase of confinement effect with the increase of 

nitridation time [30]. Similar results have been reported by D.K. Shih et al [31]. 

Fig.8 a and b show the temperature dependent PL spectra with a fixed excitation of 80W/cm2 

measured at temperatures varying from 10 K to 300 K. 

The temperature dependence of the PL peaks exhibits an S-shape phenomenon linked to the 

exciton localization. To prove our hypothesis, a detailed study as function of PL temperature 

is performed. The PL peak energy, the FWHM and the PL intensity are depicted in fig.9. We 

focus our study on the PL peak emission. The S-shaped form temperature dependence of 

emission energy, i.e. a red-blue-red shift with increasing temperature, is clearly shown. It 



6 

 

exhibits an anomalous behavior between 10 and 300 K and can be divided into three 

temperature intervals. Firstly, at low temperature from 10 to 30 K, the emission energy peak 

shows a red shift. This behavior is attributed to the recombination of photo-generated carriers 

trapped by localized states [32-34]. In fact, it is related to the modulated potential structure 

due to the non uniform insertion of nitrogen atoms. At the intermediate PL temperature 

between 30 and 90 K, a significant increase of temperature thermalizes the localized carriers 

leading to the blue shift of the emission peak. Finally, at even higher temperature (90–300 K), 

the temperature dependence peak energy is mainly dominated by band-to-band transition and 

the peak energy will decrease as a thermal shrinkage of band gap energy [35]. 

Then, for PL linewidth (FWHM), the PL peak increases at high temperature and then drops 

above. This behavior can be clarified by transfer and thermalization of localized states. When 

the temperature increases up to the thermalization point, some of localized carriers occupy 

shallower localized states. This leads to linewidth increase. When approaching the high 

temperature, most localized carriers become progressively mobile [36]. 

Finally, the temperature dependence of PL peak intensity was investigated. At low 

temperature (T<30 K), PL intensity decreases. With increasing temperature, it is shown that 

the PL intensity of each sample increases first and then decreases drastically. At sufficiently 

high temperatures (beyond 60 K) , the mobility of the carriers increases, more carriers can 

reach to the localization potential within the potential minima where the PL peak is 

originated, which makes the spectral peak intensity increase. By increasing temperature 

further, the overall emission intensity gradually decreases. It indicates that the non-radiative 

recombination starts to dominate over the radiative recombination process [37].This should 

correspond to the thermal activated non-radiative recombination mechanism. 

In fig.10 and in order to understand the mechanism of carrier thermal quenching in this 

system, we fit the experimental data of the integrated PL intensity (IPL) as a function of 

reciprocal temperature by using the Arrhenius equation [38]: 

                                          0( )
1 exp( )a

b

I
I T

E
A

k T

= −+
                                            (1) 

Where I0 is the PL intensity at 10K, A are the pre-factor including information about the 

escape rate of charge carriers, and Ea are the thermal activation energies, which are the slope 

of Arrhenius plot and obtained by choosing the best fit. The value of Ea gives us an idea about 

the depth of confining potential [37]. 
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The activation energy values are 10 and 16 meV respectively for sample S1 and Sample S2. It 

is obvious that the carriers need more thermal energy to overcome (i.e. larger depth of 

confining potential). It is interpreted as the presence of impurities and defects as non-radiative 

recombination centers in PL recombination. It is a competition between radiative and non 

radiative channels. 

4. Conclusion 

To sum up, we have studied self-assembled InAs QDs grown on GaAs substrate by molecular 

beam epitaxy (MBE) with and without nitrogen addition. PL measurement revealed that 

nitrogen has a significant effect on the optical properties. At low temperature, a red-shift of 

the InAs QDs transition has been observed with nitrogen addition. This can be explained by 

reduction of quantum confinement. The power-excitation density PL measurements confirm 

the type-II transition in nitrided sample, which may be due to the formation of a new layer at 

the interface of InAs QDs. 

In situ XPS measurements after nitridation were performed. The QDs nitridation was 

confirmed by the detection of In3d and N1s XPS peaks. A detailed analysis of N1s XPS peaks 

reveals the presence of three contributions ascribed to In-N and Ga-N bonds, a mixed 

compound In-(As,N) and some interstitial nitrogen. 

The enhancement of PL intensity of nitrided sample is caused by the defect states, which 

produced non-radiative centers. A systematic study of PL temperature dependence has shown 

an S-shape as a result of the competition process between localized and delocalized states at 

the interface. This phenomenon is more enhanced for the nitrided sample.  

We show also that the long duration of nitridation of InAs QDs deteriorates drastically the 

material quality. 

The InAs QDs grown after nitridation exhibited a significant improvement of optical 

properties. All these results show the possibility to integrate our structure in solar cell devices. 
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Figures 

  
 
 
 
Fig.1: RHEED images of a flat surface (2D) (a), a surface covered with islands (3D) (b), and 
a flat surface after deposition of GaAs capping layer (2D) (c). 
 
Fig.2: (a), (b) and (c) Low temperature PL spectra of InAs/GaAs quantum dots for S0, S1 and 
S2 samples. 
 
Fig.3: (a) and (b) PL spectra of samples S1 and S2 at 12 K at different excitation powers. This 
last vary from 0.8 to 80 W/cm2. 
 
Fig.4: Evolution of the PL peak energy versus excitation density for samples S1 and S2, 
respectively. 
 
Fig.5: (a) and (b) Room temperature PL spectra respectively for samples S1 and S2.  The 
dash lines are the Gaussian-fitting curves. 

Fig.6: In3d and N1s photoelectron spectra for the nitridated samples S2 (a) and (b) and S3 (c) 
and (d) respectively. 

Fig.7: Variation of PL Intensity as function of nitridation time. 

Fig.8: Temperature-dependent PL spectra respectively for samples S1 (a) and S2 (b). 

Fig.9: Temperature dependence of PL peak energy (a), the full width at half maximum 
(FWHM) (b) and PL intensity (c) of samples S1, S2 and S3. 

Fig.10 : (a) and (b) Evolution of the integrated intensity for the transition type I versus the 
inverse of the temperature (black scatters) and the corresponding linear fit (red line), for S1 
and S2 samples, respectively. 
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Highlights 

 

• Influence of nitridation on optical properties in InAs QDs. 
• Effect of nitridation time on QDs emission wavelength.  
• Determination of nanostructure of InAs QDs on GaAs substrate after nitridation by 

XPS. 
• S-shaped temperature dependence of photoluminescence band gap energy for nitrided 

InAs QDs. 
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