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A GaAs1−xBix layer was grown by molecular beam epitaxy (MBE) with a low Bi content (2.3%) on 

GaAs maintaining the substrate at a non-rotating state and was then annealed at 750 C, 800 C and 

850 C. Each sample that was covered with droplets was investigated by using the Atomic Force 

Microscopy (AFM), Electrostatic Force Microscopy (EFM) and Photoluminescence (PL) techniques. 

The surface properties of the GaAs1−xBix layer were investigated by AFM and observed to have a 

droplet system, which was composed of a donut and a tail. The optical quality of the samples was 

enhanced after thermal annealing up to 800 C, and the maximum PL intensity was obtained at 750 C. 

AFM images revealed that the shape of the droplet and tail changed with increasing annealing 

temperature. EFM images revealed a phase separation on the surface droplet system. To explore the 

nature of the droplets, previously claimed to be made of Ga and/or Bi, and their effect on PL 

spectrum, a chemical etch procedure was carried out by using diluted solutions of H2SO4 and/or HCl. 

We showed that droplets may be efficiently removed from the surface, and PL intensity could be 

improved by using a proper sequence of chemical etching procedures. Furthermore, the presence of 

two different phases for the droplet-system observed by EFM was also confirmed by the selective 

etching procedure.  
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1. INTRODUCTION 

Incorporation of a few percent of Bi into GaAs efficiently shifts its bandgap energy down into the 

infrared range, which makes these alloys promising for optoelectronic devices for IR and MIR 

applications.1 2 Compositiondependent bandgap reduction was measured to be as high as 60–90 

meV/Bi%.3 4 The attractiveness of GaAsBi alloys is also supported by their significant composition 

dependence on the Bi content of spin-orbit splitting energy3 and almost no temperature 

dependence of their bandgap. 

These advantages have led to a significant research effort on these alloys. Much attention 

has been paid to their epitaxial growth, found to be more stringent than the growth of classical III–V 

semiconductor alloys, in particular by molecular beam epitaxy (MBE). Growth of good quality GaAsBi 

epilayers strongly depends on growth parameters such as Bi flux, V/Ga flux ratio and growth 

temperature. MBE-growth temperature has to be lower than 400 C to incorporate this large-sized 

element in GaAs lattice. At higher growth temperatures, Bi is no longer incorporated but can be used 

as a surfactant for GaAs and related alloys like GaNAs.5 Furthermore, the V/Ga flux ratio must be 

close to stoichiometry to have high structural quality in GaAsBi layers. When this ratio is too high, 

incorporation of Bi becomes inefficient.6 When this ratio is lower than unity, Ga droplets are formed. 

Pure Bi, Ga or Ga–Bi droplets on the surface of GaAsBi layers have been reported in Refs. [5, 7, 8] and 

Bi droplet formation has been proposed to be originated from the use of high Bi flux for its complete 

incorporation. There has been intense research on the growth kinetics of these materials and the 

growth-condition dependence of droplet formation on GaAsBi growing surfaces.9 10 An 



understanding of the formation and effects of droplets on GaAsBi properties is mandatory to make 

these alloys suitable for their potential application areas.  

Apart from their growth-condition-dependent properties, GaAsBi properties may suffer from 

the presence of Biclusters or alloy disorder due to their low-temperature growth. Post-growth 

thermal annealing has been shown to improve the optical and structural quality of MBE-growth 

GaAsBi alloys with 2.2% Bi up to 700 C,10–12 and likewise, for all highly mismatched alloys (HMAs).5 

There has been still a dilemma about the effects of thermal annealing on the bandgap of GaAsBi. By 

some groups, blueshift was reported,13 but there are also a few papers in which redshift was 

observed.14 15 Besides, in case of observation of a rather broad PL peak from GaAsBi, no shift of the 

bandgap of GaAs has been observed following thermal annealing.9  

This paper investigated the effects of thermal annealing and selective etching on the optical 

and structural properties of a GaAsBi layer with a low Bi concentration (2.3%) and droplets at its 

surfaces by using AFM, EFM and PL measurements. The GaAsBi layer that was used in this study 

came from the edge of a wafer, whose droplet-free center has already been studied.11 We observed 

that thermal annealing profoundly affects PL intensity and droplet structure. The nature of the 

droplets was determined to be composed of both Ga and Bi. We showed that droplets may be 

efficiently removed from the surface by using two sequential chemical etching processes with H2SO4 

and HCl. Following these chemical processes, PL emission intensity was observed to be increased. 

 

2. EXPERIMENTAL DETAILS 

 The GaAsBi layer was grown on a piece of (001) GaAs by molecular beam epitaxy in a 2300 RIBER 

system. The (001) GaAs substrate piece was soldered with indium radially on a 3 inch-diameter 

silicon wafer. Firstly, a GaAs buffer layer was grown at 580 C, 1 ml/sec and under an As4 flux 

corresponding to two times the As4 flux needed for stoichiometric GaAs growth. The substrate 

holder was rotating during buffer growth. Then the growth temperature was lowered. The 

thermocouple temperature was fixed to get a real temperature of about 380 C. The substrate holder 

was kept immobile during GaAsBi growth. GaAsBi was grown at the speed of 0.25 monolayer/second 

and with minimal As4/Ga flux ratio to get GaAs stoichiometry. X-ray diffraction that was carried out 

with a Bruker D8 Discover diffractometer was used to estimate the evolution of Bi composition and 

layer thickness on the sample surfaces. Because different fluxes have different spatial distribution 

and the substrate temperature slightly changes at the wafer border, surface morphology and 

bismuth concentration are spatially inhomogeneous. The droplet-free section of the wafer was 

observed between −20 mm and +4 mm, and the droplets covered the rest of the wafer as shown in 

Figure 1. The thickness of the sample decreased along its length, because of the non-uniform 

distribution of the Ga flux on the immobile surface sample (i.e., left axis in Fig. 1). Bi content was 

measured to be maintained constant in the droplet area, whereas it increased on the left part of 

Figure 1.  

A PL study performed on the piece of a sample corresponding to the position values of 0–5 

mm has already been published.11 Here, the sample that was studied in this paper corresponded to 

the position values of 5–10 mm, the droplet-rich zone. It was expected that the presence of droplets 

does not significantly affect the optical properties of a GaAsBi layer. As a matter of fact, in this 

condition where droplets are formed, the rest of the layer is kept grown under minimal V/III flux ratio 

corresponding to the one for preserving III–V stoichiometry. This is the optimal growth condition for 

GaAsBi, as it has already been observed.15 PL optical emission should be close to that of the adjacent 

piece of the sample in part without droplets already reported by Mazzucato et al.11 In this paper, 



our intention was not to explain droplet-formation, but to determine the nature of the defect and 

study the effect of droplet-formation on PL characteristic and effect of thermal annealing on droplet 

structure.  

The droplet-rich sample that was studied here was split along its length into four pieces. 

Three of these pieces were submitted to rapid thermal annealing in AnnealSys AS-One equipment 

under a nitrogen flux. For annealing, the sample surface was protected with a GaAs piece to minimize 

As desorption at high temperature. A different temperature was applied to each piece as 750 C, 800 

C and 850 C for 30 seconds. These high temperatures were employed to check how the droplet-rich 

GaAsBi layer reacted when annealed at such temperatures. 

 

 

Figure 1. A map of the Bi content and layer thickness of the GaAsBi layer that was grown. Origin of the x-axis is the 

center of the wafer. The sample studied in this paper was taken from the hatched area of the wafer, which contained 

droplets. 

In order to gain insight into the effects of annealing temperature, the surface morphologies 

of as-grown and annealed GaAsBi samples were monitored and analyzed by AFM (Park System, XE-

100). The AFM measurements were obtained in the non-contact mode by using a silicon cantilever 

with the code NSC-15. 

The etching process for the droplets was performed to check the effects of their presence on 

the optical properties of the layer and identify the nature of the droplets. Selective chemical etching 

procedure was separately made by dipping and stirring the samples in 1:4 dilute solutions (acid 

solution:de-ionized water) containing HCl (37%, Sigma Aldrich) for etching Bi and H2SO4 (38–40%, 

Sigma Aldrich) for etching Ga. After the chemical process, EFM measurements were carried out in an 

attempt to detect the presence of phase separation in the droplets. In order to take EFM images, a 

cantilever coated with Au/Cr (cantilever code: NSC-14) was used, and the backs of all samples were 

coated with 50-nm-thick Au. A 10 V voltage was applied between the cantilever and the sample 

during the EFM measurements. 

In order to observe the effects of the chemical process on the optical properties of these 

samples, PL measurements were performed at room temperature. An Ar ion laser was used as an 



excitation source, and the intensity of the laser was kept at 19.74 mWcm−2. The PL spectrum was 

dispersed by a 0.5 m focal length monochromator, detected by a photomultiplier tube and recorded 

by a lockin amplifier. 

 

 

Figure 2. AFM images of the samples: (a) As-grown, (b) 750 C, (c) 800 C and (d) 850 C. (Imaging scale; 25 m×25 m). 

The inset at each 2D AFM image represents the 3D AFM. Image of the samples. 

 

 

Table I. Annealing temperature dependence of some physical parameters for the droplet system microstructure 

on the surfaces of all samples— (Imaging scale; 25 m×25 m). 

 



 

Figure 3. (a) PL intensity of the as-grown and annealed samples with a Bi content of 2.3% at 300 K under 19.74 

mW/cm2 of excitation. Results on the scales of the as-grown sample and the sample annealed at 750 C are adapted for 

clarity. 

 

3. RESULTS AND DISCUSSION  

Figure 2 shows the AFM images of the surfaces of the as-grown and annealed samples. An observed 

droplet system was composed of a donut shape and with a tail. It was observed that the donut-like 

morphology changed, and the average tail was shortened by increasing the annealing temperature in 

some parts of the surface. 

Analyzing the AFM results, we determined the area, volume and height of the droplet system 

for the as-grown and annealed samples as given in Table I. According to the values presented in Table 

I, the area and volume of the droplet systems increased with the annealing temperature, whereas 

the tail length decreased. The average height of the droplets measured from the surface increased as 

an influence of thermal annealing. The density of the droplets increased by increasing the annealing 

temperature except for the sample annealed at 850 C. As for the sample annealed at 850 C, the 

droplets gathered together. It is well-known that Bi and Ga fluxes, the growth rate/temperature and 

the V/III ratios play an essential role in the formation and density of droplet systems. Once droplet 

systems appear on the surface, they cannot be removed even if post thermal annealing is applied.9 

In order to characterize the effects of the thermal annealing process on the optical properties 

of the alloy, PL measurements were performed. The PL spectra of the annealed samples reflected the 

very well-known asymmetrical emission lineshape that is usually observed for highly mismatched 

alloys (HMAs). PL emission peak broadening should result from composition inhomogeneity in the 

sample due to the use of a non-optimized growth condition leading to alloy clustering or alloy 

fluctuations.16 

The PL emission peak was observed to become broader but more intense when the 

annealing temperature was increased to 750 C as shown in Figure 3. The higher annealing 

temperature than the annealing temperature optimized for GaAsBi epilayers with this Bi content 



(2.3%) could account for the change in the lineshape.6 The samples that were used in a previous 

study15 and the one studied here were from the same wafer. For the droplet-free piece of a sample, 

Mazzucato et al.11 reported that PL emission was slightly improved after the thermal annealing 

process at 750 C, but PL peak energy did not change. In our case, we observed a blueshift of ∼46 

meV, corresponding to ∼20 meV per %Bi. This, therefore, showed that the effect of the thermal 

annealing process was different from the one observed by Mazzucato et al. on the droplet-free 

section of the wafer. The growth conditions resulted in the formation of a droplet system and caused 

GaAsBi with droplets to reveal different optical properties. 

 

Figure 4. EFM phase images of GaBi0023As0077 annealed at 850 C. Imaging scale; 50 m × 50 m. (a) Not-etched, 

(b) HCl etched, (c) H2SO4 etched, (d) two-step etch with HCl+H2SO4, and (e) two-step etch with H2SO4 +HCl. 

The observed blueshift may be explained regarding the change in the nearest neighboring 

configuration of a Ga– Bi cluster. Usman et al. proposed a theoretical model for Bi-related defect 

states in the bandgap.17 Using this model, Usman et al. calculated the effects of a pair of Bi atoms 

and different Ga–Bi cluster configurations, composed of three Bi atoms and one Ga atom called type 

I and two Bi atoms and one Ga atom called type II with different nearest-neighbor environments, on 

Bi-free GaAs bandgap edge. The calculated energies of a Bi-pair, the type I and the type II localized 

defects above the valence band edge were determined as 9.8 meV/Bi%, 36.8 meV/Bi% and 8.4 

meV/Bi%, respectively.17 Therefore, the reason for the observed blueshift may be related to a 

change in the nearest neighbor configuration of Ga–Bi atoms or Bi-pairs inside the GaAsBi layer 

In order to gain further insight into the droplet system’s structure, we chemically etched all 

samples. It was reported that an HCl acid solution removes mostly Ga but also Bi from the surface,12 

and an H2SO4 solution only attacks Bi.10 Therefore, we applied both HCl and H2SO4 to identify the 



elemental composition of the droplets. Each sample was cleaved into two pieces. One piece was 

etched in an HCl solution, and the other part was etched in an H2SO4 solution. EFM images were 

taken after each etching step. Figure 4 shows the EFM phase signals that were obtained on the 

etched as-grown and annealed GaAs0077Bi0023 samples. It has been reported that if the growth is 

Ga-rich, the droplets may present a Ga–Bi structure.12 18 If the droplet-system consists of two 

different elements, the phase image of EFM reveals a phase separation. Moreover, the bright areas 

of an EFM image belong to the element with higher conductivity. The EFM images clearly showed 

that some areas of the droplets were brighter than the other sides. Since Bi has higher conductivity 

than Ga, the bright side of the EFM indicated the presence of Bi atoms in the relevant location of the 

droplet system. 

According to the EFM images taken on the HCl-etched samples, some parts of the droplet-tail 

system could be etched from the surface. Since HCl can remove both Ga and Bi as reported in a 

previous study,12 it is not possible to conclude the elemental composition of the droplet as Ga or Bi. 

It is only known that it consists of Ga or Bi. It was observed that the center of the droplets was 

removed after the H2SO4 solution was used, which indicated that the center of the droplets was 

composed of Bi, but the tail side of the droplets was not affected by this process. Therefore, it may 

be concluded that the center of the droplet system consisted of Bi, but the tail section was Ga-rich. 

Since Bi is more metallic than Ga, the brighter areas observed in the EFM images corresponded to Bi-

rich areas. To remove the whole droplet system from the surface, we also applied two-step chemical 

processes, by either H2SO4 + HCl or HCl+H2SO4. Both two-step processes were more efficient to 

remove the surface droplets and tails in comparison to the single step process with either H2SO4 or 

HCl as it may be seen from the EFM images and the data tabulated in Table II. 

Table II shows the parameters of the droplet systems after different etching processes were 

applied. The average droplet heights were measured for all samples following each chemical process. 

It is clear that the average height of the droplets decreased for the annealed samples for all chemical 

etch steps. On the other hand, as for the as-grown sample, the increased average height measured 

between the top of the droplet and the surface that increased after the etching process with HCl 

indicates that HCl not only removed the droplets but also some part of the GaAsBi epilayer at around 

the center of the droplets. Because the average height of droplets was the smallest in comparison to 

that of the annealed samples, it could be expected that the chemical procedure etched more 

thickness, and the final form of the droplets could be considered as conic-shapes. The remaining 

total droplet area and volume were found to be the lowest for all samples in the case of this two-

step etching. Therefore, it may be concluded that the most effective chemical process to remove the 

droplet system from the surface was the two-step process with H2SO4 +HCl. The EFM phase images 

are presented in Figure 4 for the sample annealed at 850 C before and after chemical etching was 

applied.  

The effects of the chemical processes on the PL emission peaks of all samples are shown in 

Figure 5. PL measurements were carried out at room temperature under 19.74 Wcm−2 excitation 

power. The highest PL intensity was observed after etching by using the two-step chemical process 

with H2SO4 + HCl. On the other hand, the chemical processes involving HCl tended to decrease PL 

intensity. Two possible origins may be proposed to explain this PL signal improvement. Because 

surface droplet systems may behave as scatters, their removal is expected to increase the PL 

intensity signal in comparison to ones obtained on as-grown samples. The net surface of the sample 

pumped by the excitation laser increased as the droplet systems were etched. Therefore, the PL 

signal increased further. However, this result could also originate from the fact that the growth 

surface along GaAsBi growth is Bi-rich, with a floating Bi adlayer.19 This Bi excess could have been 



suppressed using an in situ post-growth annealing process, but such a procedure was not applied to 

the investigated samples. The PL peak energy following the chemical processes did not change 

significantly. The two-step etch process with H2SO4 + HCl for the asgrown sample and the annealed 

samples at 750 C caused a slight shift, but evaluation of the origin of this shift was not easy because a 

high-resolution cross-section compositional analysis had to be carried out. However, because PL was 

quite broad, the degree of the shift could be ignored. 

 

 

Table II. Selective etching dependence of some physical parameters of the droplet system with droplet and tail 

measured for all samples from the EFM images; the line marked with blue shows the best results in this process (Imaging 

scale; 50 m×50 m). 



 

Figure 5. The effect of the selective etching process on the optical properties of the as-grown (a), annealed (750 C) 

(b), annealed (800 C) (c) and annealed (850 C) (d) GaBi0023As0077 epilayers. 

 

4. CONCLUSION  

We studied the optical and structural properties of GaAs0077Bi0023 samples with droplet systems 

using the AFM, EFM and PL techniques to investigate the effects of thermal annealing and selective 

etching processes on GaAsBi epilayers. The AFM results revealed that the droplet systems on the 

surfaces tended to accumulate towards the center, and the sizes of the droplet systems increased by 

increasing the annealing temperature. The EFM phase images showed the presence of phase 

separation in the droplet systems as Ga and Bi. The room temperature PL spectrum of the GaAsBi 

layer that was annealed at 750 C exhibited a higher-intensity emission and a negligible blueshift in 

comparison to the spectrum of the as-grown-sample. 

A detailed analysis of the chemical etching procedure revealed that the most effective 

chemical process to remove droplet systems and improve the optical signal was the two-step H2SO4 

+HCl etching process. 
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