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Effect of rapid thermal annealing on the
optical properties of GaAsSb alloys
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Abstract: GaAsSh ternary alloys are fundamental components of advanced electronic and
optoelectronic devices in the future. The presence of localized states could greatly affect the
optical properties in GaAsSb alloy, which depend on the fluctuation of alloy composition. In
order to optimize the optical properties, GaAsSh alloys were treated by rapid thermal
annealing (RTA) at different temperatures, and the optical behaviors of the annealed samples
were investigated in detail. During RTA, a significant reduction of the localized states was
observed by photoluminescence (PL) spectral analysis. Furthermore, the RTA process also
altered the distribution of the components of the GaAsSh alloy, which caused a slight red-
shift of the maximum PL peak at 150 K. The relationship between the localized states and the
temperature of the RTA process was also investigated. The process involving the conversion
of localized carriers to free carriers was proposed. Under the suitable RTA conditions, the Sb
component was homogenized and the depth of carrier localization was decreased.
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1. Introduction

Owing to their advantages in potential optoelectronic and electronic device applications [1—
5], 1-V semiconductors based on GaAs and GaSh materials have attracted great attention in
recent years. Among them, GaAs,Sb;.« can be obtained by incorporating antimony (Sb) into
GaAs, allowing the band gap to be easily adjusted from 0.75 to 1.42 eV [6-10]. The diversity
of semiconductor structures had been developed, such as GaAsSb/GaAs single/multiple
quantum wells [11, 12], GaAsSh-GalnAs/GaAs bilayer quantum wells [13], and GaAsSb
nanowires [14-17]. GaAsSh was recognized as the important material for fabrication high-
performance optoelectronic devices, such as laser diodes, photo-detectors and transistors [5,
17, 18]. However, the component fluctuations in ternary alloys could cause the localized
states in these materials [1, 19-21], resulting in carrier localization effect. The carrier
localization effect could greatly affect the optical properties of the semiconductors. The
emission efficiency could be influenced by localized carriersin semiconductor materials, such
as GaAs3b, InGaN, GaAsN and MgZnO [19, 22-24]. In addition, the optoelectronic
performance of devices can also be tuned by manipulating localized states [25, 26]. Although
the crystal quality and compositional uniformity of these materials could be improved by
optimization of the growth conditions, the carrier localization effect was till an unsolved
issue. Therefore, a post-treatment was needed to manipulate the localized carriers in
semiconductor alloys.

Post-annealing procedures are commonly used to improve the structural and optical
properties of semiconductors [27-33]. For example, rapid thermal annealing (RTA), in which
the material is heated to a high temperature for a period of seconds, is beneficia for the
healing of certain types of structural defects, the relaxation of residual stress, the prevention
of diffusion and the improvement of the alloy uniformity. With these advantages, the RTA
process could be developed as an effective method to modulating the properties of localized
states. In our previous work [19], it is found that the degree of exciton localization was
proportional to the Sb content of GaAsSb aloys. In the present work, the effect of RTA on
the morphology and optical properties of GaAsSh alloys has been investigated in detail. The
crystal and opticdl morphology of GaAsSb can be improved after RTA treatment.
Additionally, photoluminescence (PL) measurements indicated that the optical properties of
GaAsSh were closely dependent on the RTA treatment conditions. The results showed that
the suitable RTA conditions promoted the homogeneous distribution of components and
allowed manipulating the depth of localized statesin GaAsSb alloys.

2. Experimental

A GaAsSb aloy with a thickness of 350 nm was grown on a GaAs substrate in a molecular
beam epitaxy (MBE) system (DCA-P600) with a 100 nm GaAs buffer layer. Detailed growth
conditions were described in our previous work [19]. The actual growth temperature was
460+ 20 °C. The concentration of Sb in the GaAsSb epilayer was controlled via the Sh beam
flux, and was about 8%. After growth of the alloy, three samples of it were treated by RTA,
with atreatment time of 30 s and with annealing temperatures of 500 °C, 600 °C and 700 °C,
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respectively. The annealing procedure was carried out under a nitrogen atmosphere at
ambient pressure using a commercialy available RTA reactor (AccuThermo AWA410,
Allwin21 Corp.). The morphologies of the samples were observed using a Multimode 8
Atomic Force Microscope (AFM).

The PL spectra were recorded using a HORIBA iHR550 spectrometer with an InGaAs
detector. A 655 nm semiconductor diode laser was used as the excitation source. A standard
phase lock-in amplification technique was employed to enhance the signal-to-noise ratio.
During measurement of the temperature-dependent PL spectra, the excitation power used was
80 mW and the spot area of the laser was approximately 0.4 cm?.

3. Results and discussion

Figure 1 shows the PL spectra of the samples at 150 K. All the samples exhibited evidence of
near band-edge (NBE) emission, labeled as A, B, C and D, respectively. For the as-grown
sample, the PL spectrum presented one peak (A) located at 1.364 eV with afull-width at half-
maximum (FWHM) of 15 meV. For the samples annealed at 500 °C (or 600 °C, or 700 °C),
the emission peaks B (or C, or D) were observed at 1.35 €V (or 1.344 eV, or 1.338 eV) with a
FWHM of 17 meV (or 23 meV, or 21 meV). As the annealing temperature increased, the PL
peak positions showed a slight red-shift of 14-26 meV, indicating that the band gaps of the
samples had decreased. According to the literature [28], changes of the band gap can have
severa possible causes, including compositional changes of the alloy, thermal effects or the
presence of localized states. In addition to the changes of band gap, the samples showed
distinct FWHM values (as shown in the inset of Fig. 1). The reasons for this will be discussed
later, but for now it can be stated. To qualitatively illustrate the changes in the annealed
samples, their PL spectra with absolute intensities are displayed. The sample annealed at 500
°C present the strongest PL intensity, which implied the better optical property. Based on the
PL results, the emission behavior of the alloys changed after the RTA process.
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Fig. 1. PL spectra of the samples at 150 K; inset shows the changes of peak position and
FWHM with different annealing temperatures.
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To investigate the electronic transition mechanism of the GaAsSb alloys after annealing,
low-temperature and temperature-dependent PL measurements were carried out. Figure 2(a)
displays the PL spectra of the samples at 10 K. The PL spectra could be well-fitted by two
individual Gaussian peaks, labeled P, and P,, for each sample, in which the emission with
higher photon energy is P;. For the as-grown sample, the P, and P, emission were the
transitions corresponding to free- and localized-carrier emission (FE and LE), located at 1.391
eV and 1.379 eV, respectively [19]. For the annealed samples, the P, emissions were located
at 1.384 eV, 1.371 eV and 1.365 eV, could be assumed to correspond to FE, while the P,
emissions, located at 1.368 eV, 1.359 eV and 1.354 €V, could be assumed to arise from LE.
Besides their different peak positions, P; and P, were also different in PL intensity, as shown
in Fig. 2(b). It can be seen in Fig. 2(c) that the emission intensity of P; was greater than that
of P, in the sample annealed at 500 °C, while the reverse result was true in other samples.
Thus, from the low-temperature PL measurements, it was concluded that the RTA
temperature influenced the relative abundance of free and localized carriers. Based on above
premise, P; and P, emissions could be attributed to FE and LE, respectively. And 500 °C was
the suitable annealing temperature, which could be confirmed by the result of strongest P,
emission and the weakest P, emission among the three annealed samples.

250
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Fig. 2. (8) Gaussian-fitting results of the low-temperature PL spectra of the samples at 10 K;
(b) Intensity of the P, and P, emissions in each sample; (c) Intensity ratio of P; to P, in each
sample.

To further explore the origin of the P, (P,) emissions and the relationship between them,
temperature-dependent PL spectra from 10 K to 150 K were measured, as shown in Fig. 3.
The as-grown sample was exhibited a typical behavior of emission from localized states, as
shown in Fig. 3 (a). The existence of localized states could be confirmed by “S’-shaped
temperature-dependent PL emission which arising from the incorporation of Sb into the
GaAsSh alloy [19, 34]. Figure 3 (b) shows the temperature-dependent PL spectra of the
sample annealed at 500 °C. With the temperature increasing, the photon energy of P
gradually red shifted, while the P, emission was quenched at about 30 K. Thus, when the
temperature was increased to 150 K, the emission was dominated by P; in the sample of
annealed at 500 °C. Figure 3(c) shows the temperature-dependent PL spectra of the sample
annealed at 600 °C. A transition process from P, to P; was occurred in the temperature range
from 10 K to 40 K, which was not obvious in the previous sample. This behavior is consistent
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with the presence of localized states (which were insensitive to temperature). The similar
temperature-dependent PL spectra were found in our earlier work [25, 26]. The phenomenon
could be explained by the carriers escaped from localized states and conversion into free
carriers by absorbed thermal energy. Finaly, the temperature-dependent PL spectra for the
sample annealed at 700 °C were shown in Fig. 3 (d). Here, another type of “S’-shaped
emission pattern was observed, together with a transition process from P, to P;. However, the
transition occurred in the temperature range from 40 K to 80 K in this case. Figure 4 shows
the power-dependent PL spectra of the sample annealed at 700 °C, and the PL intensity
exhibited an approximately linear relationship with increasing excitation power. The
relationship between the integrated PL emission intensity and excitation power can be fitted

by the expressioni_ 1’ (&s shown in the inset of Fig. 4). The radiative recombination

mechanism could be deduced from the value of the parameter . In this case, a was about
1.33, which was indicated that the emission was related to excitonic recombination [27]. The
blue-shift of the emission indicated that the population of localized carriers was gradually
saturated with the excitation power increasing, resulting in their conversion to free carriers.
Therefore, the P, and P, emissions could be ascribed to FE and LE, respectively.
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Fig. 3. Temperature-dependent PL spectra of the samples.

Based on the temperature-dependent PL spectra, it is evident that the RTA temperature
affected the FE and LE emission properties of the samples. Figure 5 shows the photon
energies of the emission peaks of P; and P, as afunction of temperature for the as-grown and
annealed samples. At higher temperatures, the photon energies of the free excitons can be
well fitted by the Varshni empirical equation: E =E —oT’ /(T + ) [35]. However, in the

range of low temperatures, the photon energies of the emissions could not be fitted well
because of the existence of localized states. The energy separation between P; and P,, denoted
by AE, represented the degree of carrier localization. The AE vaues of the as-grown sample
and those annealed at 500 °C, 600 °C and 700 °C were 14.8 meV, 7.9 meV, 12.9 meV and
15.2 meV, respectively (as shown in Fig. 5). Additionally, the temperature, denoted by AT,
indicated the temperature localized excitons were converted into free excitons, was also found
different among the samples, and values of AT were 70 K, 30 K, 40 K and 80 K, respectively.
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Fig. 4. Low-temperature (10 K) power-dependent PL spectra of GaAsSb sample annealed at
700 °C.

It is known that atom clusters could cause nonuniform component inside alloy, such as
hierarchical complexes in GaAsN alloys [36]. In the as-grown GaAsSb aloys, the
incorporation of Sb could form Sb cluster, which could lead to the formation of localized
states [1, 19, 30]. The PL emission related to FE and LE aso supports this claim. However,
the migration of N or Sb clusters inside the alloys could be realized by annealing [36-39].
Therefore, it can be considered that the alloy uniformity could be improved by using optimal
annealing temperature, and localization potential also could be decreased. At higher-than-
optimal annealing temperatures, the degree of migration will increasing, and defects (such as
loop dislocations) or Sbh-rich clusters would be re-formed [38, 39]. Eventualy, the new
population of localized states will be formed. From the AFM images of the samples (the
insets of Fig. 5), their surface roughnesses (measured as the root mean square, RMS) can be
caculated as 1.218 nm, 1.06 nm, 1.515 nm and 1.599 nm, respectively. The surface area
difference of the samples changed from 0.00792% to 0.0206%. The AFM results provide the
secondary evidence of the degree of Sb migration, and the changes in surface roughness
imply the formation and disappearance of localized states as the annealing temperature was
increased.

Figure 6 is a schematic illustration explaining the relationship between FE and LE. The
as-grown sample and annealed samples contained localized states with a certain value of AE
(AEas growns AEsoerc, AEgoore, AEzoec, respectively). Free carriers were trapped by localized
states and converted into localized carriers in these samples. And the localized carriers also
could be released from the localized states by absorbing thermal energy, and became free
carriers again [40]. However, it is worth to note that the RTA process could induce the
migration of Sb and the alloy composition was under the influence of this migration [38, 39].
Furthermore, the degree of carrier localization was also changed. The optima RTA
temperature, i.e., the sample of annealed at 500 °C, had the effect of homogenizing the Sb
content in the annealed sample, thus decreasing the depth of the potentia fluctuations
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Fig. 5. Photon energy of the emission peaks of the samples with increasing temperature. The

insets are the AFM images of the samples.
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Fig. 6. Schematic illustration showing the transition processes of carriers between different

localized states and the free-carrier state.

4. Conclusion

GaAsSh alloys were grown on a GaAs substrate by MBE, and were then treated by RTA at
various temperatures between 500 °C and 700 °C in this research. The optical properties of
the samples were investigated systemically. It is worth to note that the formation of localized
states was found, and related to Sb cluster inside the GaAsSbh alloy which was influenced by
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the RTA temperature. The suitable RTA temperature (500 °C) beneficially reduced the
density of localized defects, as well as reducing the depth of the localized states, thus
enhancing the crystal quality of the GaAsSb alloy. However, higher temperatures induced the
Sb-rich clusters were formed again, which could re-introduce a greater density of localized
defects, and the depth of these localized states increased. These results indicate that the RTA
process could be used to improve the degree of aloy disorder, such as nonuniform
component. Therefore, RTA process should be recognized as an effective method to
manipulate the formation and depth of localized states to improve the performance of
GaAsSh-based materials and devices.
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