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The growth of InGaPN epitaxial layers on silicon substrates by metal-organic vapour phase epitaxy using dimethylhydrazine,
trimethylgallium, trimethylindium and phosphine precursors is reported. In order to reduce interface problems connected with hetero-bonds
and antiphase domain formation, a very thin buffer layer of GaP has been grown on the hydrophobic silicon surface. The layers are prepared
at temperature of 630°C and have been characterized by high-resolution X-ray diffraction, atomic force microscopy, photoluminescence and
Raman scattering. The growth occurs through 3 dimensional processes. Mean surface roughness as high as 20-30 nm is observed and phase

separation is evidenced.

1. Introduction

The development of devices based on III-V
semiconductors is still hindered by the high cost mainly due
to the substrate. Researchers have been working during a
period of twenty years or more in order to use silicon as a
substrate, but this opportunity has been and is frustrated until
now by the presence of lattice mismatch and related extended
defects.

Recently, the discovery that III-V alloys containing
nitrogen have a strong bowing parameter has given new hope
to this research; both families of InGaPN and GaPAsN,
having mixing either on both sublattices or only on that of V
element group, are able to match precisely Si substrates and
in principle they can span an energy gap value ranging
approximately from 2.2 to 0 eV, useful for any class of
application from solar cells to field effect transistors [1].
Unfortunately, dilute nitrides still have a lot of problems
which need to be solved concerning growth process and
physical characteristics.

GalnPN alloys can be grown lattice matched to silicon
substrate while varying the band-gap by the balanced
modulation of the [N]/[In] ratio. GaInPN alloy, with a band-
gap of about 1.7 eV, can therefore be lattice matched to Si,
and is an excellent candidate for the realization of high
efficiency multiple junction solar cells. Y. Fujimoto et.al. [2]
have reported for the first time the growth by solid source
Molecular Beam Epitaxy of dislocation free InGaPN/GaPN
quantum well structure on Si substrate.

The growth of this material by Metal-Organic Vapour
Phase Epitaxy (MOVPE) is not an easy task, as it is known
that the presence of indium reduces the nitrogen
incorporation ratio in this type of alloys [3]. Sanorpim et.al.
[4, 5] grew lattice matched InGaPN alloys on GaP substrate
by using various ratios of In and N content and characterized
the epitaxial layers by various techniques; they showed that
the N content decreased from 2.6 % to 1.6% while the In
content was increased from 0 to 10.9 %,

Another problem related with heteroepitaxy originates
from the different lattice constant and thermal expansion
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coefficient of the epitaxial layer and of the substrate. It can
cause a transition from 2D to 3D growth modes (Stransky-
Krastanov mechanism).

A most important effect concerns the composition
modulation of the alloy films or even a phase separation.
Several variables are responsible for this effect: sizes of the
different alloy species, average misfit with respect to the
substrate, relative mobilities of the different alloy species,
bond energies and of course deposition variables such as
deposition rate and alloy composition [6, 7]. For dilute III-V
nitrides, in case of phase separation, the lattice mismatch
does not only occur with the underlying substrate but also
laterally between N-rich and N-poor regions within the film
[8]. It has also been shown that the incorporation of indium in
II-V alloys facilitate 3D growth and pit formation [9].

The use of non-polar substrates such as silicon substrates
for instance adds an extra difficulty: the possible presence of
anti-phase domains.

To our knowledge, there is no complete report about
MOVPE growth and characterization of InGaPN on Si
substrate; in this paper we report on our preliminary results
on this subject. Several InGaPN layers with different N
content were grown on Si substrate using MOVPE technique
and characterized by high-resolution X-ray diffraction (HR-
XRD), atomic force microscopy (AFM), photoluminescence
(PL) and Raman scattering.

2. Experimental Procedures

All the InGaPN alloy films were grown by low-pressure
(46 torr) MOVPE. Trimethylgallium (TMQG),
Trimethylindium (TMlIn), Dimethylhydrazine (DMHy) and
phosphine were used as the source materials for Ga, In, N and
P respectively, and hydrogen was used as carrier gas. Before
the growth, (100) silicon substrates were degreased and
chemically etched using the method described by Ishizaka
and Shiraki [10] and then immediately placed in the reactor
chamber. Thin (nominally 20 nm) GaP buffer layers were
grown on Si substrate at 650°C in order to suppress the
generation of threading dislocations, since GaP has a small
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lattice mismatch of about 0.4% with Si. [11] After GaP
deposition the substrate temperature is decreased to 630°C
under DMHy and PHj flows and 350 nm thick Ga,_JIn,P ;N
epitaxial layers were grown for 15 minutes at this
temperature. After the growth the samples are cooled down to
room temperature in PH; and DMHy atmosphere.

For comparison we have also grown samples on (100)
semi insulating GaAs and GaP substrates simultaneously
with samples on Si.

Structural characterization has been done by high-
resolution X-ray diffraction (HR-XRD) by using an X’pert
Philips apparatus.

Surface morphology changes due to incorporation of
nitrogen were characterized using a Digital Nanoscope Illa
atomic force microscope.

The photoluminescence was excited by either the 488 nm
line of a continuous argon laser or the 337.1 nm line of a
Photonics LN 1000 pulsed nitrogen laser. The argon laser
excitation power level was below 100 mW for a spot
diameter about 1.5 mm. The nitrogen laser pulses had 0.6 ns
width and 1.4 mJ energy. The photoluminescence was
dispersed using a Horiba Jobin Yvon HR460 monochromator
and detected by a multi-channel CCD detector (2000 pixels).
Emitted light was collected from the same side as the
excitation by an optical fibre placed at about 1 cm from the
sample surface. Temperature dependence of the emission was
analyzed from 4 to 300K in a temperature controlled Janis
Supertran-VP system. The setup has a resolution of 0.3
nm/point for slits narrower than 30 um.

Raman measurements were performed with a Horiba
Jobin Yvon LabRam apparatus, in the Physics Department of
the University of Parma, using a He-Ne laser emitting at 632

nm and a Z(—,—)Z scattering geometry. The laser spot
diameter is about 1 pm and the spectral resolution is
estimated about 2 cm™'. The measurements were performed at
room temperature between 20 and 1100 cm™.

3. Results and Discussion

3.1 High-resolution X-ray diffraction
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Fig. 1. HR-XRD pattern of a 420 nm thick GaInPN layer on
silicon substrate.
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Fig. 1 shows part of the X-ray diffraction pattern of a
420pm thick GaInPN film on silicon substrate. The sharp
peak is due to the (004) reflection from the silicon substrate
while the broader one is the corresponding peak of the layer.
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Fig. 1 clearly shows that the layer is not lattice matched to the
substrate. The lattice mismatch Aa/a measured for layers
grown on silicon substrate is 0.66 % while it is 3.3 % for
layers grown on GaAs substrates.

The full width at half maximum of the GalnPN peak in
fig. 1, about 680 arcsec, shows that the layers grown on
silicon substrates exhibit a reasonable degree of crystallinity.
If islands are present, they are only slightly misaligned.

3.2 Atomic force microscopy

Figs. 2 (a) and 2 (b) show AFM images of GalnPN
samples that are simultaneously grown on Si and GaAs
substrates. It can be observed that in both cases the growth
occurs through the formation of 3D islands. The surface
roughness of the samples grown on Si substrates is about 2-3
times smaller than that of samples grown on GaAs, and in
any case it increases when increasing the nitrogen
concentration in the gaseous phase.
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Fig. 2. AFM images of GaInPN layers on (a) silicon substrate,
(b) gallium arsenide substrate.

This behaviour can be understood assuming that the
lattice mismatch with the substrate plays a prevailing role on
heteroepitaxial growth conditions. As regard the role of
nitrogen concentration it is possible to suppose that during
deposition of the layer at the beginning the adatoms migrate
to form N-rich and N-poor regions, driven by spinodal
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decomposition. With further deposition, i.e. when the
thickness increases, the lateral strains between these
neighbouring regions increase substantially increasing the
surface roughness [8].

3.3 Photoluminescence
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Fig. 3. PL spectra at 5K of GaInPN layers excited by the
337.1nm line of a nitrogen laser. For clarity, the middle
and upper spectra have been shifted upwards by 1.5 and
3 a. u. respectively. The upper spectrum concerns a layer
grown on GaAs substrate while the two lower ones
concern layers grown on silicon substrates.

Fig. 3 shows the overall photoluminescence spectra of
three samples, one grown on GaAs substrate and the two
others grown on silicon substrates, excited by the 337.1 nm
line of a nitrogen laser. The spectra are dominated by
relatively sharp lines around 3.3eV and 1.5¢V. The lines at
about 3.3eV are excitonic transitions originating from GaN-
like regions of the samples. One could wonder whether these
GaN-like regions consist of zincblende or wurtzite type of
GaN. In fact the PL line in our samples lies at an energy in
between those observed in zincblende and wurtzite type
GaN."” Most likely, it corresponds to the emission of
wurtzite GaN like regions suffering tensile strains. The PL
spectrum of the sample grown on GaAs substrate shows two
relatively sharp lines around 1.5eV. The highest energy one is
due to the emission of the GaAs substrate. The other “sharp”
line around 1.5¢V is probably due to InP-like regions of the
layers. These lines are at higher energy than the excitonic
lines in bulk InP; this could be due to the fact that the InP-
like islands in our samples suffer compressive strains. In this
respect, it is of interest to note that in the layers grown on
silicon substrate, this line is at higher energy than in the layer
grown on GaAs substrate; this could be due to the fact that
InP has a higher lattice mismatch with silicon than with
GaAs. The band-gap of InN is still a subject of debate, but it
should be noted that one report mentions that the band gap of
zincblende InN is about 1.4eV at room temperature.'”
Therefore zincblende InN could be an alternative to InP for
explaining the sharp lines around 1.5¢V. However, InN
should be submitted to tensile strains in our layers that should
be larger in the samples grown on GaAs substrates than in the
samples grown on silicon substrates; therefore, in the InN
islands hypothesis, one would expect the “sharp” line
observed around 1.5eV in our samples to be at higher energy
in the layers grown on GaAs than in those grown on silicon
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substrate that contradicts the experimental observation. We
therefore favour the InP islands hypothesis.
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Fig 4. PL spectra at 5K excited by the 488 nm line of an
argon laser of GalnPN layers (a) on gallium arsenide
substrate, (b) on silicon substrate.

Apart from the relatively sharp lines discussed above,
fig.3 evidences broad PL bands in our sample. In the sample
grown on GaAs substrate, this band is at the high-energy tail
of the 1.5eV lines whereas, in the samples grown on silicon
substrates, it is at the low energy tail of the 3.3eV line. This
seems to indicate that the PL in the sample grown on GaAs
substrate originates from indium rich regions of the samples
whereas it comes from gallium rich regions in the samples
grown on silicon substrates. These broad PL bands contain
some sharp features. Fig 4 (a) shows such features observed
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in samples grown on GaAs substrate and fig 4 (b) shows
those observed in samples grown on silicon substrates.

One should be careful when analyzing the spectra shown
in fig. 3 and in particular the intensities of the various
features evidenced in these spectra. PL is not a quantitative
technique because it is strongly affected by the non-radiative
recombination centres present in the material. The
concentration of these non-radiative centres could be much
larger in the alloyed regions than in the GaN-like ot InP-like
islands. Therefore, the fact that the “sharp” PL lines around
3.3 and 1.5 eV seem to dominate the spectra shown in fig. 3
does not mean at all that the layers consist mainly of GaN-
like and InP-like islands. It is also important to notice that PL
can evidence mainly direct band-gap material; therefore the
composition range corresponding to indirect band-gap
material cannot be evidenced from PL spectra.

The photoluminescence measurements clearly evidence
that phase separation occur in our layers. The appearance of a
GaN-like phase has also been reported for GalnAsN layers
grown by molecular beam epitaxy on GaAs substrates [14].

3.4. Raman scattering

Fig. 5 shows the Raman scattering spectra on the one
hand of a silicon substrate and on the other hand of GalnPN
layers grown on both silicon and GaAs substrates. Apart from
the phonon modes due to the substrates, two modes are
observed at 364 and 401.8 cm™ that are GaP-like transverse
(TO) and longitudinal (LO) optical phonons respectively.
Weak overtones at 715 and 779 cm™ are also visible in the
spectra of the layers grown on silicon substrates; they are not
observed in the layers grown on GaAs substrate because of
the strong substrate photoluminescence. There is no evidence
of the presence of indium, such as reported by Peternai
et al. [15] for instance, in these Raman scattering spectra.
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Fig. 5. Raman scattering spectra at room temperature of: a
silicon substrate, a GaInPN layer grown on silicon
substrate and a GalnPN layer grown on gallium
arsenide substrate.

Fig. 6 shows the Raman scattering spectra on the one
hand of GaP substrate and on the other hand of a InGaPN
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layer deposited on this substrate. Indeed, the spectra are
dominated by GaP-like phonons as it was already observed in
fig. 5. However, smaller features are observed between the
GaP phonon modes and their overtones.

GaP substrate-20 sec.
InGaPN/GaP-20 sec.
InGaPN/GaP-100 sec.

Raman intensity (a.u.)

400 600
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Fig. 6. Raman scattering spectra at room temperature of: a
gallium phosphide substrate and a GaInPN layer grown
on gallium phosphide substrate. The times indicated in
the figure are the acquisition times of the experiments.

Two modes at 498.9 and 465 cm’, which are not
observed in the substrate spectrum, are observed in the layer
spectrum. The mode at 498.9 cm” can be assigned with
certainty to the '“N nitrogen isotope in a GaP-like
environment. Thomson and Newman [16] identified the "N
local vibrational mode at 496.1 cm™ in GaP by absorption
spectroscopy at 77 K. A similar mode has been reported at
497.3 cm” by Raman spectroscopy at room temperature in
GaPg979Ng 021 [17]. The observation of this mode in our layers
clearly evidences the presence of nitrogen in the GaP-like
phase and therefore that it should more appropriate to label it
GaPN-like phase.

The mode at 465 cm™ is reminiscent of the mode that had
been first observed by Raman scattering at 464.5 cm™ in GaP
by Hon et al. [18] These authors originally suggested that
oxygen or nitrogen could be responsible for this mode, but it
has been clearly demonstrated later on that it was due to *Si
at gallium sites [16]. Therefore, the observation of the mode
at 465 cm’ in our samples suggests an unintentional
contamination of our layers by silicon [19]. It is not clear
what could be the origin of this contamination. As an
alternative interpretation of the mode at 465 cm™ in our
samples, one could think at a mode due to '*N having not
only gallium first neighbours, but for instance a mixing of
gallium and indium first neighbours or a nitrogen pair. In
such cases, the local symmetry would be lower than T4 and
several modes should be observed that is not the case in our
observations.

An interesting feature is the mode at 605.6 cm™ that is
due to unintentional carbon impurities at phosphorus sites in
GaP [16]. This mode is observed in the substrate; as a matter
of fact, it is known that GaP substrates grown by liquid
encapsulation Czochralski technique contain unintentional
carbon impurities and that this local mode is commonly
observed in them [20]. The important issue is that the
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intensity of this mode is not larger in the layer spectrum than
in the substrate one. This means that, even though organo-
metallic precursors used for the growth of the epitaxial layer
contain carbon, they do not induce a noticeable carbon
contamination of the layer.

Therefore, Raman scattering experiments have evidenced
the presence of GaP and/or GaPN phases in our layers. No
evidence of the presence of indium or GaN-like phase in the
layers comes out from them; this contrasts with the
photoluminescence experiments. It has to be recalled that the
Raman scattering experiments have been performed using an
helium-neon laser; the energy of the photons emitted by this
laser, about 2 eV, is close to the low energy tail of the GaP or
GaPN absorption edge. Therefore the use of this laser favours
the observation of GaP and GaPN-like phases in the layers.
GaN is too transparent at 2 eV for the helium-neon laser
beam interacting efficiently with this material and InP, which
has a direct band-gap, is too absorbing at 2 eV for allowing to
evidence InP Raman modes.

4. Conclusion

We have grown InGaPN alloys by MOVPE on GaAs,
GaP and silicon substrates and analyzed the layers by
complementary techniques : HR-XRD, AFM, PL and Raman
scattering. The layers grown on silicon substrate are slightly
lattice mismatched (0.66 %). It appears that the growth
occurs through 3D processes and that the layers consist of
relatively well oriented islands. The islands are larger for
layers grown on GaAs substrates than for layers grown on
silicon substrates. Composition modulation and phase
separation occur; GaN, InP and GaPN -like phases are
evidenced. No carbon contamination due to the use of
organo-metallic precursors has been detected, but the
observation of a local vibrational mode at 465 cm™ suggest
the contamination of the layers by silicon.
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METAL-ORQANIK QAZ FAZA EPITAKSiYA METODU iLO YETISDIRILMIiS GaInPN/Si
HETEROSTRUKTURU

Metal-orqanik gaz faza epitaksial (MOGFE) tisulu ils silisium altlig1 iizarinde InGaPN epitaksial tobaqasi yetisdirilmisdir, bu zaman
element monbayi kimi Dimetilhidrazin, Trimetilgallium, Trimetilindium vo fosfin istifado olunmusdur. Heterorabitalorin vo antifaza
saholorinin yaranmasi ilo bagl olan interfeys problemini azaltmaq moqsadils hidrofob silisium altlig1 tizerinds ¢ox nazik GaP bufer tobaqosi

yetigdirilmisdir.

Tabagoaler 630°C —ds hazirlanmis vo yiiksok hessas rentgendiffraktometr, atom —giic mikroskopu, fotoliiminessent vo Raman metodu ilo

xarakterizo olunmusdur.

Yetisdirmoa 3 6l¢iilii qaydada getmisdir. Miisahido olunmusdur ki, soth kala-koétiirlityli 2-30 nm —don ¢oxdur vo materialin faza ayrilmasi

bas verir.
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C. Aoagyanaesa, H. Mycaesa, P. /I:ka60apoBs, K. Ilesaocu, :xx. Arronunun, M. bo3u, b. Knep:kayn, I1. bennasoya,
K. Baproy, I'. AckepoB

TETEPOCTPYKTYPA GalnPN/Si, BBIPAIIEHHOI'O METOA0OM METAJIJIOPTAHUYECKOT' O
XUMHUYECKOI'O I'A30BOI'O OCA’KJIEHU S

Bripamens! snurakcuanbabie ciod InGaPN Ha KpeMHHEBOH MOIUIOKKE METOAOM METATIOPTaHUYEeCKOTO XHMHYECKOTO T'a30BOTO
OCaXKIEHHS, HCTIONb3YSI HCTOYHUKH AUMETHITHAPA3HHA, TPHMETHI TaJUTIyM, TPUMETHINHANYM U GochuH.

Jnst Toro, 94ToGBl yMEHBIINTH NPOOIEMBI UHTepdelica, CBSI3aHHBIE C 00pPa30BaHMEM TeTepOCBs3eld M NMPOTUBOGA3HBIX ObJacTel, Ha
MIOBEPXHOCTH rHAPO(OOHON ITOUI0KKH KPEMHHUS BBIPAILCH OYeHb TOHKHUIT Oy pepHslit coit GaP.

Cron mpuroToBieHsl npu Temnepatype 630°C m mcciieoBaHbl ¢ MOMOINBIO PeHTTeHOAU((PAKTOMETpa C BBICOKHM pPa3peIICHHEM,
aTOMHO-CHJIOBOTO MUKPOCKOIa, (poTONOMUHECIGHIIMK U PamaHoBCKOro MeToa.

BripamyBanne mpoucxoamio B TpexmepHoM nopsiake. Habmonanack mepoxoBatocts noBepxuoctu 6ombuie 20-30 oM.  OGHapykeHO
(a3oBoe oTIENEHNEe MaTepUaa.
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