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Growing Perfect Single-Crystal Epitaxial Films of
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The technological capabilities of the method of liquid-phase epitaxy from a limited volume of Sn
solution-melt for obtaining films of substitutional solid solution (Siz)1—.(GaN), on Si (111) substrates
are shown. The grown films had a single-crystal structure with (111) orientation, n-type conductivity
with a resistivity of p ~ 1.38 Q cm, a carrier concentration of n ~ 3.4 x 10'% cm™3, and a charge carrier
mobility of p ~ 133 ch/EV s). The relatively narrow width (full width at half maximum of 780 arcsec)
and high intensity (2 x 10° pulses/s) of the main structural reflection (111)g;/gan indicate a high degree
of perfection of the crystal lattice of the epitaxial layer (Siz2)1—(GaN),. The photosensitivity region
of p-Si-n-(Siz)1-.(GaN), heterostructures covers the photon energy range from 1.2 to 2.4 eV, with a
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maximum at 1.9 eV.
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1. Introduction

Growing the epitaxial layers of perspective and
popular semiconductor material s on silicon sub-
strates is becoming relevant to reduce the cost of the
final product and to integrate existing silicon tech-
nology with the technology of III-V and II-VI bi-
nary compounds [1-4]. One of the promising direc-
tions in this area is the growth of epitaxial films of
popular semiconductors, such as GaN, SiC, GaAs,
and InP, on silicon substrates. In the production of
semiconductor devices, manufacturing costs are al-
most independent of the diameter of the substrate
material. On the other hand, when using substrates
of larger diameter, the number of devices made from
them is significantly greater than when substrates
of smaller diameter are used, which makes it pos-
sible to reduce the cost of the final product several
times. Today, high-quality Si substrates with large
diameters are available, reaching up to 200 mm or
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even up to 300 mm. Therefore, a lot of research is
being carried out on growing epitaxial films of ex-
pensive and in-demand semiconductors on cheap Si
substrates.

However, when growing epitaxial films on foreign
substrates of large diameter, problems arise asso-
ciated with the bending of the substrates and the
occurrence of defects in the epitaxial film. This is
due to the difference in the lattice constants and
thermal expansion coefficients of the materials of
the grown epitaxial layer and substrate. In order
to use epitaxial films grown on foreign substrates
in production lines, according to modern technical
requirements, the bending of the substrate should
not exceed a certain value. For example, according
to SEMI M1-0600 standards, the bending value of
a substrate with a diameter of 150 mm should not
exceed 60 pm [5].

The bending of the fabricated structure depends
on: Young’s modulus of the substrate (Fg.,) and
the film (Eep;), the thickness of the substrate (tsub)
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and the film (fepi), the thermal expansion coeffi-

cient of the substrate (agyp) and the film (cwepi), the

diameter of the substrate (d), and the difference be-

tween the growth temperatures and room tempera-

ture (AT) [6]. This can be written as

_§ Eepi tepi
4 Eguy, t2

sub

(Qtsub — Qepi) d>AT.

(1)

As seen from (1), there is a quadratic dependence
of the bending of the resulting epitaxial film on the
substrate diameter. On the other hand, the qual-
ity of the epitaxial film depends on the value of
the bend. According to G.G. Stoney’s equation, the
smaller the bending of the resulting heterostructure,
the lower the mechanical stress in the epitaxial film
and the better the film quality [7]. Thus,
2
oEE(LL) o)
6f \R: Ry

where o is the average value of mechanical stress in
the epitaxial film, ¢ is the substrate thickness, F is
the biaxial module, the value of which for the silicon
substrate is 203 GPa, R is radius of curvature of
the sample before epitaxy, Rs is the radius of curva-
ture of the sample after deposition of the epitaxial
film, and f is the thickness of the epitaxial film.

Various methods are used to reduce the bending
of the fabricated heterostructure as well as to im-
prove the quality of the epitaxial film. For example,
when producing a GalN epitaxial layer on Si sub-
strates, various buffer layers are used between the
substrate and the epitaxial film, which contribute
to the production of higher-quality GaN epitaxial
layers. In works [8-10], the possibility of reducing
the bending of an epitaxial film and obtaining high-
quality GaN layers by epitaxy from metal-organic
compounds on Si (111) substrates by using AIN and
AlGaN buffer layers was reported.

In this work, we investigated the possibility
of growing graded-gap epitaxial layers of the
(Siz)1—.(GaN), solid solution on Si substrates from
the liquid phase, which can be used as a buffer layer
to obtain high-quality GaN epitaxial layers on Si
substrates.

Bow =

2. Materials and methods

Layers of (Siz);_.(GaN), solid solutions were
grown on Si (111) substrates by liquid-phase epi-
taxy from a limited volume of Sn solution-melt
in a vertical-type quartz reactor with horizontally
located substrates using the technology described
in [11, 12]. The substrates were separated from each
other vertically by graphite supports. Thus, a lim-
ited gap was formed between the substrates, into
which the solution-melt was poured. The distance
between the substrates, i.e., the thickness of the
solution-melt, was varied from 0.5 to 2.5 mm by se-
lecting the thickness of the supports. The substrates
were mounted on a cassette made of extremely pure
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graphite. Several (up to ten) substrates could be
placed in the cassette. The cassette had a cylindrical
shape with three slots on the side. The slots in the
cassette were intended for pouring the solution-melt
into the gap between the substrates. The washer-
shaped silicon substrates had a diameter of 20 mm,
a thickness of 400 pm, crystallographic orienta-
tion (111), and p-type conductivity with a resis-
tivity of 0.01 € cm and were doped with B. The
solution-melt was located in a quartz crucible, and
the crucible was placed at the bottom of the re-
actor, 3-4 cm below the cassette. To prevent un-
controlled impurities from entering the reactor, the
film growth process was carried out in a flow of pure
hydrogen. Hydrogen purification was performed us-
ing a palladium filter. After placing the cassette
(with the substrates) and the crucible (with the
solution-melt) into the reactor, the entire system
was pumped out to a vacuum level of 1072 Pa and
then purged with hydrogen for 15 min. After this,
the heating of the reactor began. The cassette and
crucible were in the isothermal zone of the reactor.
To obtain a homogeneous solution-melt, the cru-
cible temperature was kept for 30 min at 10 de-
grees higher than the temperature at which crys-
tallization of the epitaxial film began. When the
required temperature was reached (the beginning
of crystallization), the cassette with the substrates
was dipped into the solution-melt to fill the gaps be-
tween the substrates with the solution-melt. Then
the cassette was raised 3-4 cm above the crucible.
After this, the process of forced cooling of the re-
actor was carried out at a given speed. When the
solution-melt was cooled, the crystallization of the
epitaxial layer began. The crystallization process
was carried out at different cooling rates, ranging
from 0.5 to 2 degrees per minute. The set cooling
rate was maintained automatically. An important
aspect of liquid-phase epitaxy is the timely stop-
ping of layer growth and removal of the remaining
solution-melt from the surface of the films. In fact,
crystallization of the epitaxial layer continued until
the remaining solution-melt was removed from the
gap between the substrates. The solution-melt was
drained, and its residues were removed from the sur-
face of the films by rapidly rotating the cassette (at
a speed of 2500 rpm) with an electric motor. When
the cassette rotates, due to centrifugal force, the
surface of the epitaxial films is completely cleared
of the remnants of the solution-melt.

An important factor in the process of epitaxial
growth of a (Siz);_.(GaN), solid solution from the
liquid phase is the saturation of the solution-melt
with Si; and GaN molecules and not with the in-
dividual Si, Ga, and N atoms at a given temper-
ature. For this purpose, the solubility of Si and
GaN in Sn was studied. It should be noted that the
melting point of GaN is 2500°C. When GaN is dis-
solved in Sn at 980°C (below the melting point),
the GaN is in the solution-melt in the form of
Ga—-N molecules (Fig. 1) and does not decompose
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Fig. 1. Dissolution of the binary compound GaN
and Si in the form of Ga—N and Siz molecules in Sn
at 980°C (limited solubility).

into individual Ga and N atoms, similar to the way
GaAs and ZnSe molecules in the Sn melt do not
decompose into individual atoms of Ga, As, Zn,
and Se at 750°C [13].

This statement is justified by the fact that the sol-
ubility of GaN in metals, in particular in Sn, is very
small and amounts to ~ 0.002 mol.% at 1500°C.
If GaN molecules were to decompose into the indi-
vidual Ga and N atoms, the solubility of GaN in Sn
would be unlimited, since from the phase diagram of
the Ga—Sn binary alloy, it follows that the solubility
of Ga in Sn is unlimited [14]. At this temperature,
N is in a gaseous state and completely evaporates
into the atmosphere (the dissolution of GaN in Sn
is carried out in an open system, in a stream of
purified Hy). Based on this, we can conclude that
when GaN is dissolved in Sn at 980°C, it is in the
solution-melt form of Ga—N molecules and does not
decompose into individual Ga and N atoms.

The structural features of the grown epitaxial
GaN films were studied using a DRON-3M X-ray
diffractometer (Cu K,, A = 0.15418 nm) accord-
ing to the 6-260 scheme in step-by-step scanning
mode. The dependence of the photosensitivity of the
p-Si-n-(Siz); -, (GaN),, structure on photon energy
was also studied. Photosensitivity in this case means
the short-circuit current of the structure, normal-
ized to a single photon.

3. Results and discussion

Epitaxial films of the (Siz);—,(GaN), solid solu-
tion were grown at different values of the follow-
ing technological process parameters: crystalliza-
tion beginning and end temperatures, composition,
thickness, and cooling rates of the solution-melt.
The highest-quality films were grown at crystalliza-
tion beginning and end temperatures of 980°C and
880°C, respectively, with a thickness and cooling
rate of the solution-melt of 1 mm and 1 deg/min,
respectively.
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Fig. 2. Scheme of growing epitaxial films of solid
solution (Si2)1--(GaN), from a solution-melt con-
sisting of Sn + GaN + Si on Si substrates.

Figure 2 shows the scheme of growing epitaxial
films of the solid solution (Siz);_,(GaN), from a
solution-melt consisting of Sn+ GaN + Si on Si sub-
strates. The diameter and thickness of the Si sub-
strates are 20 mm and 400 pm, respectively. The
thickness of the solution-melt located between the
horizontally positioned Si substrates is 1 mm. When
the solution-melt is cooled from 980 to 880°C, an
epitaxial layer of the solid solution (Siz);_,(GaN),
of ~ 10 pm thickness is grown on the Si substrates.
Composition of the solution-melt was as follows:
Sn — 200 g, GaN — 360 mg, and Si — 2.8 g.

Since the growth of the (Siz);_,(GaN), solid so-
lution was carried out from a limited volume of the
solution-melt, the composition of the grown epitax-
ial film changes smoothly in the growth direction
from Si to GaN. This helps to level out the mis-
match between the lattice constants and thermal
expansion coefficients of the silicon substrate and
the epitaxial film, which in turn helps to obtain
higher-quality GaN films on the surface of the Si
substrate.

The thickness of the grown epitaxial films was
~ 10 pm. The specially undoped films of the
(Si2)1-.(GaN), solid solution had n-type conduc-
tivity with a resistivity of p ~ 1.38 2 cm; the con-
centration and mobility of charge carriers at 300 K
are n ~ 3.4 x 106 em™2 and p ~ 133 cm?/(V s),
respectively.

Figure 3 shows a diffraction pattern of the grown
epitaxial film of the (Siz)1_z(GaN), solid solu-
tion. Analysis of the diffraction pattern showed
that it contains several selective structural reflec-
tions with different intensities and one diffuse re-
flection at small scattering angles. The most in-
tensive main reflection (111)g;/qan at 260 = 28.33°
is due to the atomic planes of the silicon lat-
tice with the (111) orientation; its beta (/) com-
ponent is visible at 20 = 25.73°. The second
((222)si/Gan) and third ((333)s;/qax) orders of the
main reflection are observed at scattering angles
20 = 58.65° and 20 = 94.70°, respectively. The
diffraction pattern near the main reflection also
contains narrow structural reflections with low in-
tensity, caused by the reflection from the struc-
tural phases of cubic modification gallium nitride
(c-GaN) ((111)gan(e)) with the (111) orientation
and d/n = 0.2599 nm at 20 = 34.4° and hexagonal
modification of (h-GaN) ((002)gan(n)) with (002)
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Fig. 3. X-ray diffraction pattern of

(Siz2)1-2(GaN), solid solution films.

orientation and d/n = 0.2592 nm at 20 = 34.6°.
The wide diffuse reflection observed at 26 =~ 16.8°
with d/n = 0.6061 nm is due to structural frag-
ments of quartzite SiO, with a size of Ly ~ 1 nm
in the amorphous phase (SiOz(a)), which are lo-
cated on the surface layers of the film. The nar-
row width of the main reflection (111)g;/Gan With
full width at half maximum (FWHM) of 780 arcsec
and its high intensity (2 x 10° pulses/sec), as well
as the presence of selective structural reflections
of the (hhh)-type in the diffraction pattern (where
h =1, 2, and 3) indicate that the film has a perfect
single-crystal structure with crystallographic orien-
tation (111). The sizes of sub-crystallites were es-
timated using the Selyakov—Scherrer method based
on the half-width of the main reflection [15], which
is ~ 40 nm. It should also be noted that the value
of FWHM = 780 arcsec of the main reflection of
(111)gi/Gan is comparable with the best results of
other authors (FWHM = 790 arcsec of (0002) [7]
and FWHM = 782.28 arcsec of (0002) [10]). The
authors of the mentioned works showed that the
smaller the peak half-width (FWHM) of the rocking
curve, the smaller the bending of the GaN epitaxial
film grown on a Si substrate. The minimum FWHM
values of 780-790 arcsec were obtained for epitaxial
GaN films grown through AlGaN buffer layers.
The appearance of reflections of the second
(222)51/(;&1\1 and third (333)Si/GaN order in the
diffraction pattern, as well as the weak splitting of
the main reflection into oy and as components of
radiation with intensities I(111y(a1) # 2[11)(a2),
indicates the existence of the elastic micro-stresses
of a growth nature in the lattice of the epitaxial film.
However, the complete splitting of the third-order
reflection is observed with the radiation intensity
ratio close to the theoretical value — I(333)(c1) =
21 (333)(a2). This indicates that the elastic micro-
stresses are concentrated in the near-surface layer
of the crystal lattice of the epitaxial film. The elas-
tic micro-stresses of a growth nature are apparently
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Fig. 4. Dependence of the photosensitivity of p-
Si*n-(Si2)17I(GaN)E.

caused by the difference in the ionic radii of gallium
(rgas+ = 0.062 nm), nitrogen (rns- = 0.146 nm),
and silicon (rgj++ = 0.040 nm), which are located at
the sites of the crystal lattice of the (Siz)1_5(GaN),
solid solution [16, 17].

To minimize the energy of elastic distortions,
nanocrystallites of the c-GaN and h-GaN gallium
nitride phases with sizes of Lgan =~ 47 nm appeared
in the crystal lattice. They contribute to the “re-
laxation” of the crystal lattice. Reflections of these
phases have a noticeable intensity and a narrow
width of 3.2 x 1073 rad. The low-angle arrangement
of the (111)gan(c) and (002)gan(n) reflections indi-
cates that the c-GaN and h-GaN nanocrystallites
are located in the surface layer of the film, and they
are coherently located in the lattice of the solid so-
lution.

Figure 4 shows the dependence of the photo-
sensitivity of the fabricated p-Si-n-(Siz)i_(GaN),
structures. As can be seen in the figure,
the increase in the photosensitivity of the
p-Si-n-(Siz)1-5(GaN), heterostructure begins with
a photon energy of ~ 1.1 eV, which is associated
with silicon (with a band gap (Ey)si = 1.1 eV),
and the photosensitivity region expands towards
short waves of the electromagnetic radiation spec-
trum, which shows the influence of the wide-band
component of the solid solution — GaN (with a
band gap (Ey)gan = 3.4 €V) — in the photo-
voltaic process. The maximum photosensitivity is
achieved at photon energies Ep, = 1.9 eV. In ad-
dition, at FEj, = 1.62 eV, the second rise is ob-
served in the 1.65-1.86 eV range of the shelf, and
at energies of 1.92, 2.17, and 2.3 €V, maxima are
observed. Such a complex character of the spectral
dependence of the photosensitivity of the stud-
ied structure is apparently due to the heterogene-
ity of the composition of the graded-gap epitax-
ial layer of the n-(Siz);_,(GaN), solid solution.
Each sublayer is enriched with silicon or gallium ni-
tride, and nanocrystallites of the c-GaN and h-GaN
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modifications present in the near-surface layer of the
solid solution contribute to the photogeneration of
nonequilibrium charge carriers and, consequently,
to the creation of the photocurrent of the studied
structure. According to X-ray structural analysis,
the GaN content in the near-surface region of the
epitaxial layer of the (Siz)1_,(GaN); solid solution
is ~ 85 mol.%, i.e., x = 0.85.

4. Conclusions

Thus, the possibility of the growth of substitu-
tional solid solutions (Siz);—,(GaN), from a lim-
ited volume of Sn solution-melt on Si (111) sub-
strates has been investigated. It was demonstrated
that when dissolved in Sn at 980°C, GaN is in the
form of Ga—N molecules and does not decompose
into the individual Ga and N atoms. Grown films
had n-type conductivity. X-ray diffraction analysis
showed that the grown epitaxial film has a single-
crystal structure with (111) orientation. The rel-
atively narrow width (FWHM = 780 arcsec) and
high intensity (2 x 10° impulse/s) of the main re-
flection (111)g;/qan indicate a high degree of per-
fection of the crystal lattice of the epitaxial layer of
the (Siz)1-5(GaN),. In the near-surface region of
the epitaxial film, coherently located nanocrystal-
lites of the cubic (c-GaN) and hexagonal (h-GaN)
phases of gallium nitride are formed. According
to X-ray structural analysis, the GaN content in
the near-surface region of the epitaxial layer of the
(Si2)1-.(GaN), solid solution is ~ 85 mol.%, i.e.,
x = 0.85. The spectral photosensitivity region of
p-Si-n-(Siz)1—,(GaN), structures covers the pho-
ton energy range from 1.2 to 2.4 eV with a maxi-
mum at 1.9 eV, which is of interest for the devel-
opment of optoelectronic devices operating in the
visible region of the radiation spectrum.
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