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We present a micro-Raman study of alterations in InGaAs/InP epilayers after rapid thermal
annealing. Defects consisting of protruding material with typical dimensions of a few microns can be
observed on the surface of the annealed samples. Micro-Raman measurements on these defects show
that they consist of In,Ga,_.P alloys, suggesting that phosphorus diffusion from the InP substrate
occurs during the RTA cycle. The defect-free region of the epilayer is also altered leading to the
formation of an In;_.Ga,As;_,P, quaternary alloy.

1 Introduction

In,Ga,_,As epilayers are attracting much interest for applications in optoelectronics in the
near infrared and in high electron mobility transistors [1]. For x=0.53, In,Ga,_,As is lattice
matched to InP, and In,Ga,_As epilayers are usually on InP substrates. Rapid thermal
annealing (RTA) is customarily carried out on these epilayers after ion-beam implantation
doping to achieve crystal recovery and the electrical activation of the dopants. Although it
is usually assumed that the original In,Ga,_,As crystal is recovered after the RTA step, the
complex interplay between thermal diffusion processes and the ion-beam induced damage
and/or native crystal defects may lead to significant alterations of the In,Ga,_.As epilayer
after the RTA. These alterations may, in turn, alter the physical properties of the
In,Ga,_,As crystal and be detrimental to the device performance. Therefore, a detailed
study of the RTA effects on Injs53Gag4;As/InP epilayers is of great technological interest
to identify possible sources of device degradation during the fabrication process and thus
optimize the final device characteristics.

In this work, we have carried out a study of annealed Ings;Gag4;As /InP epilayers
which shows that defects associated with phosphorus diffusion develop during the RTA
cycles. Structural and stoichiometric alterations of the epilayers have been locally
analyzed by means of micro-Raman measurements.

2 Experimental

The experiments were carried out on 1.9 pum thick Ing 53Gag 47As epilayers grown on (100)
InP:Fe substrates by metal-organic vapor phase epitaxy, supplied by Epitaxial Products
International Ltd. (EPI). One of the samples was implanted with 150 keV Si* to a dose of
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5%x10" cm™ and another sample was prepared with a SiN,:H protective capping covering
the InP substrate. RTA cycles were performed on all samples at 905 °C for 30 s in an
MPT-600 reactor in arsenic-rich ambient, using a graphite susceptor. Examination of the
sample surface was carried out using a JEOL 6400 JSM scanning electron microscope at
20 kV.

Micro-Raman measurements with a spatial resolution of =1um were carried out in
backscattering configuration using Jobin-Yvon T64000 spectrometer equipped with a
LN2-cooled charge coupled device detector (CCD) and an Olympus microscope. The
514.5 nm line of an Ar" was used as excitation, and the power on the sample was kept at =
5%10° W/cm? to avoid heating and photoexcitation effects.

3 Results and discussion

Figure 1(a) displays a SEM micrograph of an Ings3Gag4;As epilayer with substrate
capping after RTA at 905 °C for 30 s. Two types of protruding defects can be observed:
large-area octagonal-like defects with a rough surface, and smaller rectangular elongated
defects with a crystalline-like appearance and smoother surfaces. Similar structures were
observed in the implanted sample, as well as in samples annealed without the protective
capping of the substrate. Energy dispersion X-ray analysis indicates the presence of
phosphorus in both types of defects. After wet-etching of the annealed sample in a H,PO,:
H,0, solution to remove a surface layer of = 400 nm, faceted crystals were revealed in the
center of pits of removed material, as can be seen in Fig. 1(b).

Fig. 1. (a) Scanning electron micrographs of RTA-induced defects on Ings3Gag47As epilayers. (b) Faceted-
crystal nuclei revealed by wet-etching of the annealed epilayers.

We carried out micro-Raman measurements on the different types of defects
observed in Fig. 1. The x (yy) x Raman spectra of these defects are shown in Fig. 2(a),
where spectrum A corresponds to a large-area octagonal defect, spectrum B was obtained
on a rectangular crystalline-like defect, and spectrum C was recorded from a faceted
crystal of the etched sample. All three spectra display similar features, with two dominant
peaks in the frequency region between 300 and 400 cm™ where the optical modes of InP
and GaP occur [2]. This result indicates the formation of the In,Ga;_ P alloy and is
consistent with the detection by EDX of a substantial phosphorus concentration in the
defects. We assign the most intense peak to the TO mode of an In,Ga,_,P mixed crystal,
and the weaker, higher frequency counterpart to the LO modes of the In,Ga;_,P alloy [2].
Using the published data of the frequency dependence on composition of the In,Ga;_P
TO mode [2], we estimate the Ga concentration to be 17%, 27%, and 33% for the defects
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corresponding to spectra C, B, and A, respectively. The weak broad band observed in the
600-700 cm™ region corresponds to the second-order optical modes of the In,Ga, P
alloy, whereas the band observed between 200 and 300 cm™, in the spectral region of the
In,Ga;_.As optical modes [5], is due to GaAs-like and InAs-like modes associated with a
residual concentration of As in the defects. The very weak structure that can be seen at =
430 cm™', which was previously reported in heavily implanted InP and interpreted as due
to P-P vibrations [6], may be indicative of the formation of phosphorus clusters.
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Fig. 2. (a) x (yy) x Raman spectra of the different types of defects observed on the Ings3Gag7As epilayer after
RTA. Spectra A and B correspond, respectively, to the large-area octagonal defect and to the rectangular
crystalline-like defects that can be observed in Fig.1 (a). Spectrum C was obtained from the faceted crystal
nuclei shown in Fig. 1(b). (b) x(yz) X Raman spectra of the as-grown InGaAs/InP epilayer (A) and of the
defect-free region of the annealed sample (B).

The large-area octagonal defects exhibit a higher degree of disorder than their
rectangular smaller counterparts, as can be seen from the broader peaks of their Raman
spectrum in Fig. 2(a). Both the higher growth rate and the higher Ga composition of the
large-area defects may contribute to increasing the disorder. By contrast, the faceted
crystalline nuclei exposed after etching show a significantly higher degree of crystallinity.

An outstanding feature common to all the Raman spectra of Fig. 2 (a) is the high
intensity of the InGaP TO mode, which is forbidden in backscattering from a (100) face.
The observation of a strong TO mode can be explained by the fact that, as can be seen in
Fig. 1(b), the nuclei of the phosphorus-rich defects consist of faceted crystals that present
a large cross-section of (111) and (110) faces to the incident laser beam.

Figure 2(b) displays the x (yz) x Raman spectra of the defect-free region of the
epilayer. The Ings;Gag4;As GaAs-like LO mode is observed as a sharp intense peak in
the spectrum of the as-grown sample (A), whereas the InAs-like mode is detected as a
weak peak at 233 cm™' [5]. The peak at 244 cm™" was previously identified as a disorder-
related mode [5]. In the spectrum of the annealed sample (B), an additional weak peak
clearly emerges at ~ 325 cm™ and both the GaAs-like and the InAs-like LO modes show
a sizable shift to lower frequencies. These changes indicate the incorporation of
phosphorus in the epilayer leading to the formation of the In;_,Ga,As; P, quaternary
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compound lattice matched to InP. In fact, the peak at = 325 cm™ can be assigned to the
InP-like LO mode of an In,_Ga,As,_,P, alloy with low P composition, and the downward
frequency shift of the GaAs- and InAs-like modes is consistent with the quaternary alloy
formation [7]. From the observed shift of the GaAs-like LO mode, we estimate that the
phosphorus concentration of the quaternary alloy is less than 5% [7].

4 Conclusions

RTA cycles, which are widely used in device fabrication subsequently to ion-beam
implantation, induce alterations in Ings3Gag4;As/InP epilayers due to phosphorus
diffusion from the InP substrate. These alterations have been observed in all the annealed
samples, either implanted and unimplanted, and are strongest in samples with a substrate
protective capping, which indicates that they arise from phosphorus outdiffusion from the
InP substrate during RTA. Since all these alterations may be deleterious to the device
performance, any In,Ga,_P/InP epilayer processing that involves thermal annealing steps
should be carefully monitored.
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