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Abstract 

We investigated the influence of substrate orientation 

on the localized nitrogen state (𝑬𝑵) in GaAsN films. The 

GaAsN films with nitrogen composition of about 0.6% 

were grown on vicinal GaAs (001) substrates by chemical 

beam epitaxy method, where substrate orientations were 

(001) tilted at 2 to 10o toward [010] direction. The energy 

levels of 𝑬𝑵  were estimated from two split conduction 

subbands of 𝑬+ and 𝑬− measured by photoreflectance 

technique. 𝑬𝑵 was found to decrease with increasing off 

angle. We considered that the decrease of 𝑬𝑵 was caused 

by changing nitrogen incorporation. 

 

1. Introduction 

Dilute nitride semiconductor of InGaAsN has been ex-

pected as an absorbing layer material for ultra-high-efficiency 

four-junction solar cells such as InGaP/GaAs/InGaAsN/Ge 

structure [1]. This is because the band gap energy (𝐸𝑔) of 1.0 

eV and the same lattice constant as GaAs and Ge are achieved 

by controlling the composition of indium and nitrogen. In this 

case, indium can be used to compensate the nitrogen-induced 

reduction of the lattice parameter. It is known that 𝐸𝑔  of 

GaAsN decreases drastically with increasing the nitrogen 

composition. This anomalous behavior of 𝐸𝑔 has been un-

derstood in terms of a band anti-crossing (BAC) model [2]. 

In this model, an anti-crossing interaction between the local-

ized nitrogen state (𝐸𝑁) and the semiconductor matrix leads 

to a lowering of 𝐸𝑔. Therefore, the 𝐸𝑁 is one of the most 

important parameters for deciding the band structure. So far, 

𝐸𝑁 have been reported to be a constant at 1.65 eV [2]. Re-

cently, we found that 𝐸𝑁 decreased with increasing nitrogen 

content. This indicated that 𝐸𝑁 was modified by distribution 

of nitrogen atoms in the film, which was considered to be 

origin of low electron properties of GaAsN [3]. However, de-

tailed relationships between nitrogen distribution and electri-

cal properties are not understood yet. In our previous study, 

we reported that when the GaAsN films were grown on a vic-

inal GaAs substrate by using chemical beam epitaxy (CBE) 

method, those electrical properties were improved [4]. It is 

believed that this improvement is attributed to uniform distri-

bution of nitrogen atoms in the film. Usage of vicinal sub-

strate enhanced density of the surface step, which is the main 

incorporation site of nitrogen atoms during growth. Continu-

ously, nitrogen atoms are incorporated uniformly by using the 

vicinal substrates. According to the results, it is expected that 

𝐸𝑁 is also modified by vicinal GaAs substrates. However, the 

relationships between 𝐸𝑁  and substrate orientation are not 

studied yet. In this study, we investigated the influence of 

substrate orientation of CBE-grown GaAsN films on the en-

ergy level of 𝐸𝑁  by using the photoreflectance (PR) tech-

nique. 

 

2. Experimental Procedures 

Nondope GaAsN thin films were grown on vicinal GaAs 

(001) substrate by CBE method. The substrate orientations 

were (001) tilted at 2, 6, 8, and 10 degrees toward [010] di-

rection. The films were labeled as nAB, where n indicates off 

angle of the substrates. The growth temperatures were fixed 

at 420oC. Detail growth conditions were listed in our previous 

paper [4]. All GaAsN films showed p-type conductions and 

their thicknesses were 1.0 μm. The nitrogen compositions of 

all samples were estimated to be about 0.6% by using the X-

ray diffraction method. The PR measurements were carried 

out using a standard setup at room temperature [5]. A modu-

lated Ar+ laser (488 nm, 3.0 mW) was used as the excitation 

source to generate an electric field. The probe light for meas-

uring a surface reflection was incident on the GaAsN surface 

at angle of 45o. The AC and DC components of the surface 

reflection were measured and the ratio of them (ΔR/R) was 

calculated. In the present study, since the reflection was also 

modified by surface morphology, surface roughness was 

evaluated by the atomic force microscope (AFM) technique. 

The measuring range of the AFM is limited to the surface of 

5.0 × 5.0 μm2.  

 

3. Results and Discussion 

Figure 1 shows ΔR/R spectra for all samples at room tem-

perature. Three transition energies were observed. The 𝐸− 

and 𝐸+ denote the transitions between valence band and the 

two split conduction subbands, respectively. They were 

caused by an anti-crossing interaction between 𝐸𝑁 and the 

GaAs semiconductor matrix. In this case, 𝐸− means 𝐸𝑔 of 

GaAsN. The transition energy of 𝐸− + ∆𝑠𝑜 (∆𝑠𝑜= 0.34 eV) 

is that indicates the transition between the spin-orbit split-off 

valence band and 𝐸− was also observed. As shown from fig-

ure, the signal intensities decreased with increasing off angle, 

and 𝐸− + ∆𝑠𝑜 and 𝐸+ were not observed in the 10AB film. 

From the AFM measurement, surface roughness of film was 
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Fig. 1ΔR/R spectra of GaAsN films grown on vicinal GaAs sub-

strates measured at room temperature. 

 

constant that independent to the surface orientation. Thus, the 

decrease of signal intensity in ΔR/R was not caused by surface 

roughness but by quality of the film. 

The transition energies of 𝐸− and 𝐸+were estimated by 

fitting the third derivative Aspnes’ function to the ΔR/R spec-

trum [6]. Based on the BAC model, values of 𝐸− and 𝐸+ 

are calculated by using the following expression, 

 

 

 

where, x, 𝐸𝑀 , and 𝐶𝑁𝑀 are nitrogen composition, the 

energy of the conduction band edge of unperturbed GaAsN, 

and the coupling parameter between 𝐸𝑁  and 𝐸𝑀 [2]. Thus, 

𝐸𝑁 can be calculated by using Eq. (1) as 

 

                       

 

Since 𝐸𝑀 can be obtained by linear approximation of 𝐸𝑔 

of GaAs and GaN, 𝐸𝑁 of each film can be calculated by us-

ing the measured transition energies of 𝐸− and 𝐸+ except 

the 10AB sample. Results were plotted in Fig. 2. Although 

𝐸𝑁 is reported to be a constant at 1.65 eV in the previously 

published data [2], calculated 𝐸𝑁  decreased as increasing 

the substrate orientation. It is noted that the energy level of 

𝐸𝑁 depended on the distribution of nitrogen-induced local-

ized states such as isolated nitrogen (Nx) and pair of nitrogen 

atoms (NNi, where i = 1, 2, and so on) [3]. Moreover, it is 

reported that preferential nitrogen incorporation is related to 

step density [7]. Therefore, our experimental result suggested 

the variation of nitrogen distribution by changing nitrogen in-

corporation. As a result, it was suggested that the electron 

properties depended on nitrogen distribution.  

Fig. 2 𝐸𝑁 in GaAsN films grown on vicinal GaAs substrates as a 

function of off angle. 

 

3. Conclusions 

We investigated that the influence of substrate orientation 

on 𝐸𝑁  in GaAsN thin films grown on vicinal GaAs sub-

strages. 𝐸− and 𝐸+ were observed at room temperature by 

photoreflectance measurements. Although the surface rough-

ness was not change, the reflectivity decreased with increas-

ing off angle of the substrate. In addition, 𝐸𝑁 was found to 

decrease with increasing off angle. We considered that the 

change of EN is caused by the change of distribution of nitro-

gen. These highly suggested that the electron properties of 

GaAsN films depend on the distribution of nitrogen in the 

film.  
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