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ABSTRACT GaInAsP and GaInAsSbBi solid solutions were grown on GaP (111) substrates by pulsed laser
deposition using a laser fluence of 2.3 J/cm2. Energy Dispersive X-ray microanalysis, atomic force microscopy,
and Raman spectroscopy were used for analysis of the elemental composition and study of the surface mor-
phology and chemical bonds of the obtained solid solutions. It was found that at constant growth temperature
and the fluence of 2.3 J/cm2, the elemental composition of the film has a significant effect on the growth ki-
netics. Surface-active elements (Sb and Bi) in the composition of the solid solution lead to a change in the
surface diffusion of In and Ga, which is accompanied by a decrease in roughness. It was established that the
films growth in the Volmer–Weber mode. The grown films are nanotextured with a predominant orientation in
the direction of growth (111).
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1. Introduction

Pulsed laser deposition (PLD) is a promising and rapidly developing method for obtaining multicomponent com-
pounds [1–3]. The advantages of PLD over other methods of physical deposition are the possibility of controlling the film
stoichiometry, lowering the substrate temperature for growing thin III–V films, and the discrete flow of a substance from
the target to the substrate in the time intervals between laser pulses. The advantage of the method is its relative simplicity
of equipment, high purity of the deposited layers, and preservation of the stoichiometry of the chemical composition
of a layer and a sputtered target [3, 4]. During PLD at the laser fluence of less than 2 J/cm2, an erosion-plasma plume
forms a spot beam, due to which the expansion diagram of some target components, especially volatile ones, for example,
As, P, Sb. In PLD at the laser fluence of more than 2 J/cm2, the uniformity of the expansion of the target components
increases, but the growth kinetics and properties of the grown films change simultaneously [4]. As applied to III–V and
CIGS semiconductor solid solutions, if the target contains more than one group III metal, then droplets can be formed on
the surface [5, 6], the morphology deteriorates, and the layer stoichiometry is violated [7]. To understand these processes
under PLD conditions, in this work, we study the properties of films grown with the laser fluence of 2.3 J/cm2.

The objects of study were GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz solid solutions deposited on GaP sub-
strates. The solid solutions consisting of two group III metals and three highly volatile group V metalloids were selected
based on the indicated difficulties in PLD, as well as on the relevance of their practical use for growing optoelectronic
heterostructures in the visible [8] and infrared [9] ranges. The study of solid solutions with Bi and Sb is topical due to the
discovery of the effect of valence band anticrossing [10], which significantly affects the optoelectronic properties of dilute
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semiconductors. The object of this work is to grow GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz solid solutions
on GaP (111) substrates by PLD at the laser fluence of 2.3 J/cm2 and study the morphology, chemical composition, and
chemical bonds in them.

2. Methods and experiments

PLD of GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz solid solutions was carried out using an AYG:Nd3+ laser
(LS-2134Y) with a wavelength of 532 nm (second harmonic). For sputtering, we used targets with the calculated composi-
tion Ga0.84In0.16As0.68P0.32 and Ga0.85In0.15Sb0.1As0.8Bi0.1. The deposition was carried out on n-GaP (111) substrates.
The choice of the substrate with the (111) orientation is due to the specifics of growth due to the polarity of Group III–V
solid solutions, as well as the closeness of the lattice parameters of GaP and Si. We used the classical PLD method. The
deposition time for all samples was 60 min, and the background pressure in the chamber was 10−4 Pa. The distance from
the target to the substrate was 70 mm. Growth was carried out at a temperature of 450 ◦C, a laser fluence F = 2.3 J/cm2,
pulse duration time 10 ns, pulse-recurrence frequency 15 Hz.

The chemical composition was determined by Energy Dispersive X-ray microanalysis (EDX) using an INCAx-sight
attachment (Oxford Instruments, UK) on a Carl Zeiss Evo 40 microscope with a beam energy of 8 keV to reduce the
signal from the substrate. The film thickness was determined from the cleavages of the structures on a Carl Zeiss Evo
40 microscope. The study of the morphology and root-mean-square (RMS) roughness of the films was carried out on an
atomic force microscope (AFM) “NTEGRA Academia” (NT-MDT SI, Russia). Scanning was carried out in a tapping
mode. An NS15 silicon cantilever with a resonant frequency of 373.35 kHz and a curvature radius of 10 nm was used as a
probe. The scanning speed varied in the range of 0.6 – 1 Hz depending on the surface topography. Line-scan direction is
forward. The scanning area is 1× 1 µm2. AFM images were processed using the Gwyddion program [11]. The filtering
included standard operations of subtracting the surface of the 3rd order, removing steps in the X direction, and removing
scratches. The root-mean-square roughness parameter Sq was estimated for the entire scan area as an estimated value of
the surface roughness. The study of chemical bonds in the obtained films was carried out by Raman spectroscopy on an
inVia Raman Microscope spectrometer (Renishaw, UK) with an excitation wavelength of 514 nm at room temperature.

3. Results and discussions

At the first stage, the elemental analysis was carried out by the EDS (Fig. 1). In the spectra in Fig. 1, all the chemical
elements of GaxIn1−xAsyP1−y (Fig. 1a) and GaxIn1−xAs1−y−zSbyBiz (Fig. 1b) solid solutions were presented. The
features of the measured EDX spectra are the high intensity of the Ga and P peaks and the low intensities of the Bi, Sb,
and As peaks.

FIG. 1. EDX spectra of elemental analysis of solid solutions on n-GaP (111) substrates: a) GaInAsP; b) GaInAsSbBi

Estimation of the atomic concentration of the solid solution elements gave one the following results: for
GaxIn1−xAsyP1−y: Ga – 46.32 at.%; In – 2.66 at.%; As – 0.56 at.%, P – 50.45 at.%; for GaxIn1−xAs1−y−zSbyBiz:
Ga – 47.26 at.%; In – 1.93 at.%; As – 21.31 at.%, Sb – 1.32 at.%; Bi – 0.89 at.%; P – 29.46 at.%. The phosphorus in the
EDX spectrum (Fig. 1b) is due to its presence in the substrate and the small film thickness. This factor also introduces an
error in determining the concentration of elements of group V. Nevertheless, for qualitative elemental analysis, the EDX
method gives reliable results. The thickness of the grown films was determined from the cleavages of the heterostructure:
GaInAsP – 223 nm; GaInAsSbBi – 152 nm. It can be seen that the growth film kinetics increases significantly.

Figure 2a shows the results of study of the morphology of the grown films by the AFM. In the case of the
GaxIn1−xAsyP1−y solid solution (Fig. 2a), the developed relief pattern is on the film surface. The height difference is
43 nm, and the RMS roughness Sq = 5.2 nm. In the case of the GaInAsSbBi solid solution (Fig. 2b), the maximum height
difference reaches 23 nm with the RMS roughness Sq = 2.8 nm. A distinctive feature of the GaxIn1−xAs1−y−zSbyBiz
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film is the larger grain size with a smoother surface than in the case of the GaInAsP film with a highly developed sur-
face relief pattern. In Fig. 2a the surface topography is due to chaotic grain boundaries, which are antiphase boundaries.
Only some grains have plateaus on the surface oriented in the (111) plane. At the same time, the grain boundaries in
the GaxIn1−xAs1−y−zSbyBiz film (Fig. 2b) appear as dislocations along certain directions, and to a greater extent have
lateral faceting along the (110) planes, while plateaus in the growth direction are predominantly orientation in the (111)
plane, i.e. the GaxIn1−xAs1−y−zSbyBiz film is nanotextured. It can be seen that in the case of the film in Fig. 2b, a large
surface area is represented by hillocks with a plateau at the top, rather than pits, which also reveals itself in a lower RMS
roughness Sq .

FIG. 2. AFM images (1×1 µm) of solid solution morphology on n-GaP (111) substrates: a) GaInAsP;
b) GaInAsSbBi

The AFM analysis shows that the selected solid solutions grow at different rates due to different surface diffu-
sion at the same growth temperature of 450 ◦C and laser fluence F = 2.3 J/cm2. Therefore, under PLD conditions,
the growth kinetics is significantly affected by the elemental composition of the film. The larger grain size in the
GaxIn1−xAs1−y−zSbyBiz film is explained by the presence of Bi in its composition. It is known that Bi has a high
surface diffusion and exhibits a strong surfactant effect [12], due to which it leads to a significant change in the diffusion
of indium. These factors explain the larger grain size in Fig. 2b. Based on the AFM results, it can be concluded that the
growth of thin films occurs through the nucleation of 3D islands, and then their coalescence occurs; the mode of epitaxial
growth according to Volmer–Weber is implemented. Note that outside researchers also observed a similar growth when
growing strongly mismatched group III–V heterostructures using other methods [13–15].

Raman spectra were measured to study the chemical bonds between the elements of the solid solution (Fig. 3). Table 1
summarizes the results of the measured frequencies of the phonon optical modes of the components of solid solutions and
their values published in the literature references.

From the features of the measured spectra (Fig. 3), one can distinguish the dominance of the GaP LO (404.46 cm−1)
and TO (364 cm−1) modes for both solid solutions, due to the small thickness of the films and the penetration of laser
radiation into the substrate GaP, as well as the mode shift of GaAs, GaSb, InAs, and InSb in the region (200 – 300 cm−1),
compared with the literature data (Table 1). In the case of the GaxIn1−xAsyP1−y solid solution (Fig. 3a), the peaks of InP
LO (339.1 cm−1) and TO (313.16 cm−1) have weak intensities, which is due to its low concentration in the layer and the
predominance of indirect-gap optical transitions [13].

Another feature of the Raman spectrum in Fig. 3a is the predominance of GaAs TO modes over GaAs LO in intensity,
as well as their low intensity compared to those in GaxIn1−xAs1−y−zSbyBiz solid solution. In the
GaxIn1−xAs1−y−zSbyBiz solid solution (Fig. 3b), the GaAs LO mode dominates over the GaAs TO mode in inten-
sity with their simultaneous shift to lower wavenumbers (Table 1). This effect is explained by higher As concentration
in the GaxIn1−xAs1−y−zSbyBiz film compared to GaxIn1−xAsyP1−y (Fig. 1). The shift of these modes is due to the
relaxation mechanisms in the film and the presence of dislocations (Fig. 2b). We associate the broad peak at 208.66 cm−1

with the GaBi LO mode, whose position is close to the theoretical 205 cm−1 [16]. The mode shift of InAs, InSb, GaSb,
GaBi, and InBi is explained by the difference in the concentrations of Sb, Bi, As and the shift of electron densities during
the formation of chemical bonds In–As, In–Sb, In–Bi, Ga–Sb, Ga–Bi. These factors indicate a violation of the selection
rule for the zinc blende lattice, which is expressed in the mixing of phonon modes (InBi + InSb) in the range of 150 –
200 cm−1 due to disordering of the elements (disturbance of long-range order) of the solid solution.

4. Conclusion

In conclusion, we note that nanotextured GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz solid solutions with a
laser fluence of 2.3 J/cm2 were grown by PLD. It is shown that in the case of PLD with a high fluence, the stoichiometry
of the composition of solid solutions is disturbed. It is established that at constant growth temperature and the fluence
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FIG. 3. Raman shift spectra of solid solutions on n-GaP (111) substrates: a) GaInAsP; b) GaInAsSbBi.
Dashed lines indicate the frequencies of phonon modes from the literature (Table 1)

TABLE 1. Phonon frequencies of group III–V binary components constituting GaInAsP and
GaInAsSbBi alloys

Binary
component
of a solid
solution

Known phonon mode
frequencies

Measured frequencies
of phonon modes
in the GaInAsP
solid solution

Measured frequencies
of phonon modes

in the GaInAsSbBi
solid solution

LO, cm−1 TO, cm−1 LO, cm−1 TO, cm−1 LO, cm−1 TO, cm−1

GaP 402 [16] 363 [16] 404.46 364.95 — —

GaAs 292 [17] 268 [11] 281.93 255.84 276.73 257.58

InP 344 [18] 312 [18] 339.1 313.16 — —

InAs 238.8 [19] 217.3 [19] 233.15 210.42 252.35 220.92

GaSb 236 [17] 226 [17] — — 234.90 226.16

InSb 190.8 [19] 179.8 [19] — — 192.88 180.59

InBi 161 [20] 155 [20] — — 161.24 154.19

GaBi 205 [21] 189 [20] — — 208.66 189.37

under PLD conditions, the elemental composition of the film has a significant effect on the growth kinetics. The surface-
active elements (Sb and Bi) in the composition of the solid solution lead to a change in the surface diffusion of In and Ga.
It is established that the growth of films occurs according to the Volmer–Weber mode. The AFM results show that the
relaxation of stresses caused by the mismatch of the crystal lattices of GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz
and the GaP substrate occurs through plastic mechanisms and a change in roughness, which manifests itself in the forma-
tion of grains in the texture of the grown thin films. To improve the structural properties of the films, we plan to use GaAs
buffer layers for the growth of GaxIn1−xAsyP1−y and GaxIn1−xAs1−y−zSbyBiz solid solutions.
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[11] Nečas D., Klapetek P. Gwyddion: an open-source software for SPM data analysis. Open Physics, 2012, 10 (1), P. 181–188.
[12] Zvonkov B.N., Karpovich I.A., Baidus N.V., Filatov D.O., Morozov S.V., Gushina Yu.Yu. Surfactant effect of bismuth in the MOVPE growth of

the InAs quantum dots on GaAs. Nanotechnology, 2000, 11 (4), P. 221–226.
[13] Devenyi G.A., Woo S.Y., Ghanad-Tavakoli S., Hughes R.A., Kleiman R.N., Botton G.A., Preston J.S. The role of vicinal silicon surfaces in the

formation of epitaxial twins during the growth of III–V thin films. J. of Applied Physics, 2011, 110 (12), 124316.
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