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Effect of buffer layer on the characteristics of GaPN layers grown by

molecular beam epitaxy on silicon substrates
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This paper presents a comparative study of the effect of buffer layers on characteristics of GaPN layers synthesized

by molecular beam epitaxy on silicon substrates. Structures with a GaP- buffer grown using the ”migration-enhanced

epitaxy” (MEE-GaP- buffer) and a low-temperature GaP- buffer with a smoothly increasing growth temperature

were studied. It was shown that the photoluminescence intensity for the structures with MEE-GaP and optimized

GaP- buffer is almost equal, but the stress relaxation mechanisms are different.
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Since the efficiency of silicon-based solar cells has

almost reached its theoretical limit [1], further development

of photovoltaics necessitates a constant search for new

approaches and the use of novel materials. The use of

multi-junction (cascade) heterostructures is one of the most

promising ways to increase the efficiency of solar cells

(SCs). Three-, four-, and even five-junction SCs with an

efficiency as high as 46% [2] have already been fabricated

based on AIIIBV compounds. Silicon used as a substrate or

a lower cascade is of interest not only as a cheap and easy-

to-process material, but also as a fine heat sink ensuring

stable SC operation.

One of the possible ways to obtain monolithic multijunc-

tion SCs on silicon is the use of GaPNAs solid solutions,

which may be lattice-matched with a silicon substrate within

a wide range of band gap values (from 1.5 to 2.0 eV) [3,4]

due to the fact that nitrogen and arsenic reduce and raise

the lattice constant, respectively. It was demonstrated

theoretically [5] that the limit efficiency of lattice-matched

three-junction SCs (GaPNAs(2 eV)/GaPNAs(1.5 eV)/Si) is

44.5% at AM1.5D 50W/cm2. However, these theoretically

predicted efficiency values may be achieved only with

a lifetime of minority carriers in GaPNAs layers greater

than 1 ns [5], which has not been demonstrated yet. There-

fore, the study of techniques for fabrication of GaPN(As)

materials on silicon substrates is relevant.

Migration-enhanced epitaxy (MEE), which involves layer-

by-layer (atomic) growth of a GaP buffer layer at low

temperatures, is one of the approaches to fabrication

of dislocation-free GaPN layers on silicon substrates [6].

Another possible method is to perform low-temperature

growth of a buffer layer [7] and to use aluminum-containing

buffer layers [8]. The present study is focused on the

influence of buffer layers on the characteristics of the GaPN

solid solution.

The examined structures were synthesized using a Veeco

Gen III molecular beam epitaxy system with a high-

frequency inductively coupled nitrogen plasma source on

Si (100) substrates with a 4◦ misalignment in the [110]
direction.

Their structural properties were studied by X-ray diffrac-

tion (XRD). Diffraction rocking curves were obtained

using a DRON-8 X-ray diffractometer with a BSV 29

LLF X-ray tube. The anode material was copper with

Kα1 (λ = 1.5405 Å) radiation type. An Accent Optical

Technologies setup was used to record photoluminescence

spectra. A solid-state UV laser provided optical pumping

(λ = 266 nm).

The samples featured a 200-nm-thick GaPN layer grown

on buffer layers of various configurations. To prevent

the emergence of antiphase regions at the silicon−gallium

phosphide heterointerface, silicon substrates misaligned in

the [110] direction were used, and a monolayer of phos-

phorus was formed on the silicon surface after annealing

in the growth chamber. Sample No. 1 had a GaP buffer

layer synthesized by the MEE method based on 45 periods

of layer-by-layer growth of gallium and phosphorus [9] at

a temperature of 450 ◦C with a further GaP layer (50 nm).
The overall thickness of the MEE-GaP- buffer was 100 nm.

The buffer layer of sample No. 2 had a thin (1 nm) AlP

sublayer grown at a temperature of 450 ◦C. On top of it

were a 36-nm-thick GaP layer with the growth temperature

increasing gradually to 600 ◦C, a 10-nm-thick GaP layer

grown at 600 ◦C, and a GaP layer 8 nm in thickness with

the temperature decreasing smoothly to 540 ◦C. The buffer

layer of sample No. 3 had a configuration similar to the

one detailed above; the only difference was that the top
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Figure 1. XRD rocking curves around the symmetrical reflection

of Si for samples with an epitaxial GaPN layer on the Si surface

with different buffer layers. A color version of the figure is

provided in the online version of the paper.

GaP layer was grown at a temperature of 600 ◦C. The AlP

layer in the second and third samples serves to suppress

the mutual diffusion of silicon and gallium atoms from the

buffer layer.

Figure 1 presents the XRD rocking curves around the

symmetrical reflection of Si for epitaxial GaPN layers on

the Si (100) surface with different buffer layers. The

black vertical line indicates the theoretical position of the

diffraction maximum of a mechanically unstressed (relaxed)
GaP layer. The calculated diffraction curves from GaP layers

with different degrees of relaxation on a silicon substrate are

also shown in blue. These simulated diffraction curves were

plotted using the PANalytical X’Pert Epitaxy software. The

relaxation percentage is used in the sample files to model

the change in lattice cell distortion that occurs at imperfect

interfaces forming in the presence of mismatch dislocations.

This parameter helps calculate the correct peak positions in

the simulated rocking curves. Relaxation is the difference

between the actual dimensions of a lattice cell parallel to

the interface divided by the difference in undistorted values.

If a layer is distorted elastically in such a way that lattice

cells have the same width parallel to the interface plane,

the relaxation is 0% and the interface does not contain

mismatch dislocations. This layer is called a fully deformed

(elastically stressed, pseudomorphic) one. When a layer is

not deformed, the relaxation is 100%. Such a layer is called

a fully relaxed one.

The lower panel of Fig. 1 shows the calculated curve for

a fully stressed GaP layer on a silicon substrate. It can

be seen that the position of the diffraction peak maximum

of sample No. 1 is consistent with the model. Therefore,

it may be concluded that sample No. 1 has fully stressed

(pseudomorphic) GaP and GaPN layers and, as will be

shown below, the molar fraction of nitrogen in GaPN

approaches its value for the layer in sample No. 3 (despite
the significant difference in positions of the diffraction

maximum). The intensities and positions of the diffraction

maxima of the GaP layers in samples Nos. 2 and 3 are

similar, but the maxima are shifted toward larger angles

to the silicon substrate. The calculated curves indicate

an approximate degree of relaxation of 55% in the GaP

layers, which follows from the comparison of experimental

and simulated data. The emergence of dislocations at the

initial stages of epitaxy probably leads to partial relaxation

of elastic stresses of the epitaxial layer in these samples, and

the lattice constant of the GaP epitaxial layer approaches

the lattice constant of a mechanically unstressed GaP layer.

The GaPN layers in samples Nos. 2 and 3 also demonstrate

stress relaxation; however, since the conditions of growth of

the buffer layer differed, the GaPN layer in sample No. 2

does not, unlike the layer in sample No. 3, feature a clearly

defined maximum that is virtually coincident with the

maximum from the silicon substrate. This may be indicative

of a significant nonuniformity of nitrogen distribution in the

GaPN layer in sample No. 2 and of the presence of a large

number of mismatch dislocations.

Microphotographic images of the cross section and

surface of the studied samples with a GaP buffer layer on

the silicon substrate are shown in Fig. 2. These images

were obtained using a Supra 25 Zeiss scanning electron

microscope (SEM). The sample with a MEE-GaP- buffer

(sample No. 1) has a well-developed surface morphology,

but there are few pronounced dislocations in the layer. This

is consistent with the XRD data on the pseudomorphic

nature of growth of both the buffer layer and the studied

GaPN layer. Samples Nos. 2 and 3 with a low-temperature

GaN buffer layer have a smooth surface of the upper GaPN

layer and a large number of threading dislocations formed as

a result of partial relaxation of elastic stresses of the epitaxial

layer.

Figure 3 shows the room-temperature photoluminescence

spectra of the samples. Despite the large number of

dislocations, sample No. 3 has a high photoluminescence

intensity. The photoluminescence intensity of sample No. 1

with a MEE buffer is also high (comparable to that

of sample No. 3). Close positioning of the maximum

wavelengths of photoluminescence indicates that the molar
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fractions of nitrogen in samples Nos. 1 and 3 are also

virtually identical.

The FWHM values of the photoluminescence line for

samples Nos. 1 and 3 were equal and quite large (close
to 65 nm), indicating that the ternary GaPN solution has

a nonuniform composition. The growth of an additional

high-temperature GaP- layer in the buffer layer of sample

No. 2 leads to a shift of photoluminescence toward longer

wavelengths, broadening of the photoluminescence line, and

a reduction in intensity. This suggests that the GaPN

layer is highly nonuniform and is characterized by intense

nonradiative recombination of carriers due to a large number

of threading dislocations, which is also confirmed by X-ray

data.

The samples with an optimized low-temperature GaP

buffer layer and with a MEE-GaP buffer layer demonstrate

high (almost equal) photoluminescence intensities. The
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Figure 2. Microphotographic images of the cross section and

surface of samples Nos. 1 (a), 2 (b), and 3 (c).
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Figure 3. Photoluminescence spectra of the studied samples with

an epitaxial GaPN layer on the Si surface with different buffer

layers.

GaPN layer stress relaxation depends on the buffer used.

The sample with a MEE-GaP- buffer has a pseudomorphic

non-relaxed buffer and a GaPN layer, a small number of

threading dislocations, and a relief surface. Partial relaxation

of elastic stresses in the GaPN layer is observed in the

form of threading dislocations in the samples with a low-

temperature gradient GaP- buffer.
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