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Abstract. The results of RHEED and FTIR investigation of polycrystalline and amorphous Si and Ge films deposited on
dielectric SizsN4/SiO2/Si (001) substrates are presented. A decrease in the intensity of the IR absorption bands of N-H
vibrations in the SisN4 layers is observed, which is associated with the migration of H atoms from SizNy4 into the growing Si
and Ge films. This transfer occurs at 30 °C and increases with increasing temperature (30-500 °C) and Si (Ge) film
thickness (50-200 nm). We consider the experimental results within the framework of a model based on the assumption
that the migration of hydrogen atoms from the dielectric SisN4 into the growing Si and Ge films is controlled by the
difference in chemical potentials of hydrogen atoms in the dielectric layer and the Si(Ge) film and is not related to thermal
diffusion. This process occurs only during the growth of Si and Ge films and is interrupted with the cessation of growth and

the alignment of chemical potential levels.
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1. INTRODUCTION

Silicon nitride (SizNy) is widely used in micro- and
optoelectronics, as dielectric layers, antireflective coat-
ings and passivation layers of solar cells [1-4]. Although
the main method of its production is low-temperature
(below 450°C) plasma-enhanced chemical vapor depo-
sition (PECVD), SigNy layers obtained using the low-
pressure chemical vapor deposition (LPCVD) at high
temperature (700-850°C) have a number of advantages.
SigNy films deposited by LPCVD have a nearly sto-
ichiometric composition and a low content of hydro-
gen atoms, which improves their electrical parameters
and thermal stability compared to SigNy films obtained
using PECVD. The SizN,/Si protective coatings de-
posited by low-temperature methods are extensively
used as a source of hydrogen atoms to prevent degrada-
tion of the electrical parameters of single-crystalline (c-
Si), multi-crystalline (me-Si) and amorphous («-Si) sil-
icon [2-5]. Hydrogen atoms can diffuse from the SizNy
layer into the underlying Si layer and passivate broken
Si bonds in a narrow interfacial region, thereby improv-
ing the electrical properties of the structures. [4,5].

Studies of diffusion processes of hydrogen atoms
into the underlying SiOs or Si layers has shown that
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hydrogen atoms do not migrate across the SigN,/SiOq
boundary somewhat noticeably, and only an increase in
the annealing temperature to 1000°C leads to a slight
increase in the content of hydrogen atoms in SiOz, but
only if the SisNy layer had been applied by PECVD [6].
Annealing of SizNy/c-Si structures in the temperature
range of 500-1000°C does not lead to an increase in
the concentration of hydrogen atoms in the c-Si layer
[7,8]. The possible diffusion of hydrogen atoms aross
the SigNy/a-Si or me-Si interface was studied in order
to improve the electrical parameters of solar cells, e.g.,
those with a protective SigNy coating. The investiga-
tion of such structures is complicated since SigNy, a-Si
or mc-Si layers are hydrogenated. Currently, the pro-
cess of diffusion of hydrogen atoms has been studied in
layers of polycrystalline and amorphous Si [9] obtained
by plasma enhanced chemical vapor deposition. The
content of hydrogen atoms can reach 25 % in such films
[7].

Another widely used method for producing hydro-
genated films is the implantation of hydrogen atoms
into a silicon substrate. It is established that the acti-
vation energy of the diffusion of hydrogen atoms is ap-
proximately equal to 1.5 eV [9-11], which exceeds the
Si—H binding energy amounting to approximately 3 eV
[12]. The proposed diffusion mechanism is movement
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through interstitial states. [9,10,13-16]. The diffusion
rate depends on the concentration of hydrogen atoms,
temperature and the type of doping of the Si layer.

This article presents the results of a study of hydro-
gen atom diffusion from an LPCVD-deposited SizNy
top layer of a SizN4/SiO2/Si(001) substrate into a
growing film of polycrystalline (poly) or amorphous («)
Si or Ge layers. Such substrates are usually utilized
in the production of photodetector structures [17] and
can contain up to 8 % of H atoms [7,18,19]. Previously
[17,20-22], we have presented the results of a study
of the diffusion of hydrogen atoms from dielectric lay-
ers (SigNy and SiOs) into growing poly- and a-Si and
Ge films for a wide range of growth temperatures (30—
650°C). It has been shown that the diffusion process
occurs already at a low growth temperature (30°C),
i.e. when its thermal stimulation is absent.

In the current work, the results of an exploration
of hydrogen diffusion in poly- and «@-Si and Ge films of
different thicknesses are presented. It is shown that the
diffusion of hydrogen atoms depends on the thickness
of the growing layers of Si and Ge. A model of hydro-
gen atom diffusion is proposed that takes into account
the film deposition temperature and its thickness. The
studies were carried out using the methods of reflected
high-energy electron diffraction (RHEED) and Fourier
transform infrared spectroscopy (FTIR).

2. EXPERIMENTAL

Experimental samples with thin Si or Ge layers
deposited by molecular beam deposition (MBE) on
SizN4/SiO2/Si(001) substrates were prepared. The
530 nm thick SiOs layers were applied on silicon wafers
using thermal oxidation, while 170 nm thick SigNy ones
were formed by LPCVD at 750°C. The temperatures
of the processes of formation of SiOy and SisNy layers
exceeded the growth temperatures of Si and Ge films.
More detailed information on the methods and modes
of manufacturing the dielectric layers of the substrates
and the preliminary chemical preparation is presented
in the works [20,21].

After transferring the samples to ultra-high vac-
uum conditions, preliminary heat treatment of the sub-
strates was carried out at a temperature of 600°C,
which lasted for 6 hours. Si and Ge films were deposited
using electron beam evaporation sources in the EVA 32
growth chamber of the Riber SSC 2 ultra-high vacuum
center. The growth temperatures of - and poly-Si and
Ge layers of different thicknesses (50, 100 and 200 nm)
were 30 and 500°C. Samples with layer thicknesses of

50 and 100 nm, grown at 500 °C, were additionally kept
at the growth temperature after shutting off the flux of
Si (Ge) atoms for the total duration of the process to
be equal for all the samples. The deposition rates of Si
and Ge films were ~ 0.3 A /c.

In Fig.1, a scheme of layer arrangement in the
studied samples is presented. More details about the
growth processes and control methods can be found in
the works [20,21]. The main experimental techniques
were in-situ reflected high-energy electron diffraction
(RHEED) using an RH20 RHEED tool (Staib Instru-
ments) and Fourier transform infrared spectroscopy
(FTIR). IR transmission and reflection spectra were
registered using a vacuum IFS-66v/S spectrometer
(Bruker) in the range of 400-4600 cm ™! with the spec-
tral resolution of 10 ecm~! [20,21]. The spectrometer
was evacuated to the pressure of 2 mbar in order to
reduce the influence of carbon dioxide and water va-
por. IR absorption bands were decomposed into spec-
tral components; peaks with a Gaussian profile were
used for deconvolution.

3. RESULTS

According to the study performed in situ using
RHEED, all Si and Ge films grown at 500°C have a
polycrystalline structure, whilst at 30°C, an amorphous
one. At the initial stages of growth of polycrystalline
films, the diffraction patterns consisted of continuous
wide rings (Fig.2a), yet as the thickness of the grow-
ing layer increased, the rings narrowed and gaps ap-
peared in them (Fig.2b). Thus, at the initial stage of
growth, the polycrystalline film was formed by small
grains without ordering in the direction of growth.
Then a gradual enlargement of grain sizes occurred and
some preferential growth direction appeared. Images
of amorphous and polycrystalline Si films obtained by
transmission electron microscopy (TEM) are shown in
Fig. 3. The polycrystalline Si film (Fig. 3a) has a struc-
ture in the form of columnar grains, starting at the
interface with the SizN, dielectric layer and increasing
their lateral size as the thickness of the growing film
increases, which is typical for the growth of polycrys-
talline films at temperatures that ensure rapid diffusion
of Si atoms over the growth surface. The region of the
polycrystalline Si film adjacent to the interface with
the substrate has the largest number of defects. Fig. 3b
shows a structure with an amorphous Si layer grown at
30°C under conditions of slow diffusion of atoms over
the growth surface.
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The study of IR spectra has shown that the
main absorption bands are associated with vibrations
of the Si-O, Si-N and N-H bonds in the initial
SizNy4/SiO2/Si(001) substrate. Preliminary heat treat-
ment of the substrates at 600°C for 6 hours did not re-
sult in any changes in the spectra. Fig.4 shows the
IR absorption spectra in the spectral range of 400—
1300 cm~! for the structures with Si and Ge layers
grown at 30 and 500°C. All the spectra are character-
ized by the presence of two broad absorption bands
at about 825 cm~! and 1090 cm™!, associated with
vibrations of the Si-O bonds in the SizN4/SiO2/Si
(001) substrate. Deconvolution of the IR spectra
has shown that it is possible to identify absorption
bands related to vibrations of Si-O (~ 735, 805, 1075,
1100 and 1190 em~1!), Si-N (~ 860 cm~!) and N-H
(~ 1150 cm~1) bonds in the SizN,/SiO2/Si(001) sub-
strate [23,24] and vibrations of Si-O bonds in the oxyni-
tride layer (~960 cm~!) located on the SizN, surface
[21]. The main changes in the spectra are associated
with the absorption bands of Si-N (~ 860 cm™!), N-H
(~ 1150 cm™1) and Si-O (~ 960 cm™!) (highlighted
in bold in Fig.4). The application of the Si and Ge
films has different effects on the change in the inten-
sity of these bands. In the structures with Si layers,
the intensity of the Si-N band increases with increas-
ing growth temperature, whereas the intensity of the
N-H band decreases. In structures with Ge layers, the
intensity of the absorption bands of Si-N, N-H and Si—
O decreases with an increase in growth temperature.
(Fig. 4).

Fig.5 shows the IR absorption spectra of struc-
tures with poly-Si and poly-Ge layers of different thick-
nesses grown at 500°C. Changes in the intensity of
the absorption bands associated with vibrations of the
Si-N (~ 860 cm~!), N-H (~ 1150 cm~!) and Si-O
(~ 960 cm~!) bonds (highlighted in bold in Fig.5) in-
crease with increasing layer thickness. The main differ-
ences between structures with Si and Ge layers related
to the changes in the intensities of the Si-N and Si-O
absorption bands. At the samples with poly-Si, with in-
creasing film thickness, a decrease in the intensity of the
N-H absorption bands and an increase in the intensity
of the Si-N absorption bands are observed (Fig.5a),
which corresponds to the result shown in Fig.4a. For
the structures with poly-Ge, a decrease in the inten-
sity of the Si—-O absorption band is added; in addition,
it cannot be unambiguously determined for these sam-
ples whether the intensity of the Si-N band changes
(Fig. 5b). Fig.6 shows the change in the intensity of
the Si-N, N-H and Si—O absorption bands derived by
deconvolution of the spectra presented in Fig.5 and
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the spectra for the structures with a-Ge. In the struc-
tures with poly-Si and poly-Ge, the intensity of the
N-H band (~ 1150 cm™!) decreases with an increase
in the thickness of the deposited films. The intensity
of the Si~O absorption band (~ 960 cm™!) decreases
significantly only in the case of structures with Ge lay-
ers. The absorption in the Si-N band (~ 860cm™!)
increases stronger in the samples with Si layers than in
the samples with Ge layers. Comparison of the struc-
tures with a-Ge and poly-Ge shows that the intensity
of the Si-N absorption band (~ 860 cm™!) increases
more during the low-temperature growth (30°C) than
during the high-temperature growth (500°C).

4. DISCUSSION

To explain the observed results, we use the hydro-
gen atom diffusion model proposed in [9,10,13-16] for
amorphous Si and Ge films. Temperature conditions
for the growth of Si and Ge layers are not favorable for
the thermal diffusion of hydrogen atoms. The activa-
tion energy of diffusion of hydrogen atoms in a-Si and
a-Ge is approximately 1.5 eV [10,25], whilst the bind-
ing energies of N-H and Si—H bonds are approximately
4 and 3 eV [12]. In the proposed model, the diffu-
sion of hydrogen atoms is considered as their movement
through interstitial states with the formation of bonds
with two silicon (germanium) atoms located at the lat-
tice sites, Si-H-Si (Ge-H-Ge)," due to the breaking
of “weak” Si-Si (Ge-Ge) bonds. The number of “weak”
Si-Si (Ge—Ge) bonds increases with increasing disorder
in the crystal lattice. The Si-H and Ge—H bonds are
traps limiting the diffusion rate; they form by the inter-
action of a hydrogen atom with a Si (Ge) atom having
a dangling bond. The main concept in the model is
the chemical potential of hydrogen atoms uy. Fig.7
presents the energy diagram of the diffusion process of
hydrogen atoms in Si (the right panel in Fig. 7a). The
deepest level Eg;_pg (the state with the highest energy)
belongs to one of the Si—H deep traps. They occupy
levels below puy. The diffusion of hydrogen atoms oc-
curs during the formation of Si-H—Si bonds, the en-
ergy level of which is located above puy (shallow energy
level). This is the so-called transport level Erpgr. If
there are a sufficient number of “weak” Si-Si bonds in
the crystal structure, then hydrogen atoms can tran-
sit from the py level to the Erg, and their diffusion
is observed. The position of ug depends on the con-
centration of hydrogen atoms. The higher it is, the

1. This arrangement is often reffed to as “bond-centered-defect”
in the literature.
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higher the py position (lower the energy). This is indi-
rectly confirmed by the results of Ref. [9], in which an
increase in the diffusion coefficient was observed with
an increase in the concentration of hydrogen atoms in
Si. In the structures formed by layers with different
contents of hydrogen atoms, the uy levels should align
and diffusion of hydrogen atoms should be observed.

In the studied structures, the highest concentration
of hydrogen atoms is in the dielectric SisNy layer, where
the position of py is higher than in the growing Si layer,
yet to start diffusion, it is necessary to overcome a high
energy barrier (Fig. 7a, the left panel), since hydrogen
atoms are bonded as N-H. The initial positions of the
energy levels in Si3N4 and Si layers are shown In Fig. 7a.
With the beginning of growth (Fig. 7b), due to the dif-
ferent positions of py in SigN4 and Si, the transition of
hydrogen atoms occurs from the SizNy4 layer to the Si
layer. A new position of uy sets up (alignment occurs).
If the growth of the Si layer (designated as Si(H) in
Fig. 7b) ceases, then the transition of hydrogen atoms
from SigNy also stops. If the growth continues, a re-
gion with a lower position of py forms at the growth
surface (designated as +Si in Fig. 7¢), and the position
of pp should level off (lower) throughout the grown Si
layer. The newly emerging difference in chemical po-
tential values between the SigN, and Si layers causes
hydrogen atoms to move from the SisNy4 layer to the Si
layer, and pupy occupies a new position (Fig. 7d).

Thus, the diffusion of hydrogen atoms occurs only
directly during the growth of the Si layer, which leads
to the dependence on its thickness. Let us consider
the growth temperature effect on this process. With
an increase in the growth temperature and the tran-
sition to a polycrystalline structure of the Si and Ge
layers, due to the increased vibrations of the lattice
atoms or the increase in disorder in the regions of grain
boundaries, the number of “weak” Si-Si (Ge—-Ge) bonds
increases and the thermal diffusion of hydrogen atoms
accelerates, which leads to a more rapid leveling of the
chemical potential py in the growing Si (Ge) film. An-
other factor intensifying hydrogen diffusion may be a
different diffusion mechanism in the single-crystal part
of the polycrystalline structure. It is known that the
activation energy of hydrogen diffusion in c¢-Si is about
0.48 €V [26] and the value of the diffusion coefficient
decreases with an increase in the content of hydro-
gen atoms [27]. Also, thermal desorption of hydrogen
atoms from the near surface area might occur at high
growth temperatures [25], which lowers the puy level
and promotes the transition of hydrogen atoms into
the growing Si film |[9, 28].

In the IR spectra of structures with 50 nm thick
Ge layers (Fig.6b, c), a more noticeable decrease in
the intensity of the N-H absorption bands is observed
in the samples with the amorphous films. This may
be related to the structure of growing films [22]. The
growth of polycrystalline layers begins with the forma-
tion of small grains with a large proportion of grain
boundaries in the volume of the film, where likely a
large number of atoms with dangling bonds may be
contained, which are deep traps for hydrogen atoms.
As the film thickness increases, their number decreases,
which enhances the diffusion of hydrogen atoms. As is
evident from the IR spectra of structures with poly-
crystalline layers of Si and Ge [17,20,21], no formation
of Si-H, and Ge-H, absorption bands was observed in
poly-Si and poly-Ge. This may be due to their insuf-
ficient concentration or the formation of Si-H (Ge-H)
bonds, which are not IR-active.

The deposition of Si (Ge) layers changed the inten-
sity of the Si-N (~ 860 cm™!) and Si-O (~ 960 cm™!)
absorption bands. As shown by the results of a study
using the method of photoelectron spectroscopy with
layer-by-layer etching [21], simultaneously with the out-
migration of hydrogen atoms from the dielectric film,
counter diffusion of Si (Ge) atoms into it occurs. The
change in the intensity of the Si—N absorption band
is associated with a decrease in the concentration of
hydrogen atoms in SigsN4 accompanied by the rupture
of N-H bonds and the formation of Si-N bonds in-
stead. In the case of growth of a Si layer, additional Si
atoms arrive from the growing film, and the number of
Si—N bonds increases. When growing Ge films, Ge—N
bonds are formed, i.e. there is no additional source of
Si atoms. Another factor in changing the intensity of
the Si-N absorption band is that the introduction of
additional Si atoms does not introduce distortions into
the SigN,4 structure and can improve the order in it,
while Ge atoms, which have a larger size, can introduce
such distortions. The weakening of the absorption in
the Si-O band (~ 960 cm™1) is associated with the de-
struction of these bonds in the oxynitride layer during
the diffusion of Ge atoms through it [21].

5. CONCLUSION

The polycrystalline and amorphous Si and Ge
films grown on SizN4/SiO2/Si(001) dielectric sub-
strates have been explored by means of RHEED and
FTIR spectroscopy. As a result of the deposition of Si
and Ge layers, a significant decrease in the intensity of
the absorption bands associated with vibrations of N—
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H bonds was observed, which increased with increasing
thickness of the growing films. To explain the exper-
imental results, it has been proposed to use a model
based on the assumption that, in the absence of ther-
mal diffusion, the transition of hydrogen atoms from
the SigNy dielectric layer to the growing Si or Ge film
is controlled by the different positions of the chemical
potential levels of hydrogen atoms in them. The differ-
ence in the chemical potentials of hydrogen atoms in
SisNy and the Si (Ge) film is maintained only during
the growth of the films. This explains the dependence
of the intensity of the IR absorption bands on the film
thickness. With an increase in the film growth tem-
perature, the process of the chemical potential leveling
in SigNy4 and Si (Ge) accelerates owing to the possible
thermal diffusion of hydrogen atoms.
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Si(Ge)

Si(001)

SiO2" SisNa4

Fig. 1. Layer arrangement scheme in the studied samples

Fig. 3. TEM images of (a) polycrystalline and (b) amor-
phous Si films; the substrate is on top of the image

Fig. 2. (Color online) Diffraction patterns of the surface
of a polycrystalline Si layer with a thickness of (a) 20 A
and (b) 200 nm

JETP, Vol. 165, No. 5 2024



Absorbance

Absorbance

DIFFUSUION OF HYDROGEN ATOMS FROM SI;N, DIELECTRIC SUBSTRATES

600

Wavenumber, cm ™!

700 800 900 1000 1100 1200 1300 1400

PRI B
00 1200 13
1

700 800 900 1000 11

600

Wavenumber, cm~

Fig. 4. (Color online) IR absorption spectra of 200 nm

thick Si (a) and Ge (b) layers grown at 30 and 500°C

on SizN4/SiO2/Si(001) substrates; the spectra are nor-

malized to the maximum intensity of the Si—O absorption

band at ~ 1100 cm™"; the substrate spectrum is desig-
nated as SizNy

JETP, Vol. 165, No. 5 2024

00 1400

Absorbance

Absorbance

Si-O
- a Si;N,
. o~ q1 - 50 nm
i Sl, 500cc {1 200 nm

600 700 800 900 1000 1100 1200 1300 1400

Wavenumber, cm !

Si-O
b Si;N,
Y I [ — 50 nm
i Ge, 500°C —-=-=100 nm
............. 200 nm

600 700 800 900 1000 1100 1200 1300 1400

Wavenumber, cm ™!

Fig. 5. (Color online) IR absorption spectra of Si (a) and

Ge (b) layers of different thickness (50, 100 and 200 nm)

grown at 500°C on SizN4/SiO2/Si(001) substrates; the

spectra are normalized to the maximum intensity of the

Si-O absorption band at ~ 1100 cm™'; the substrate
spectrum is designated as SigN4



660

Absorbance

Absorbance

Absorbance

ARAPKINA et al.

- a SiyN,
- o~ S 50 nm
- Si,500°C N-H 200 nm-

600 700 800 900

1000 1100 1200 1300 1400

Wavenumber, cm ™!

b

Si,N, -
L Si-N e 50 nm
L Ge, 500°C -~ N-H --—--100 nm

600 700 800 900

1000 1100 1200 1300 1400

Wavenumber, cm™!

600 700

800 900 1000 1100 1200 1300 1400

Wavenumber, cm ™!

Fig. 6. (Color online) Changes in the intensity of
absorption bands associated with vibrations of Si-N

(~ 860 cm™'), N-H (~

1150 cm™*) and Si-O

(~ 960 cm™') bonds as a result of deposition of layers

of (a) polycrystalline Si, (b) polycrystalline and (c) amor-

phous Ge on SizN4/SiO2/Si (001) substrates; the spectra
of the substrates are designated as SizNy

TR

By

TR

Ma

Si-H

n(E)

Y

n(E)

Si(H)

n(E)

Si,N

Y

n(E)

Si(H)  +Si

TR

By

Si-H

!

N-H

n(E)

i R

JETP, Vol. 165, No. 5 2024



DIFFUSUION OF HYDROGEN ATOMS FROM SI;N, DIELECTRIC SUBSTRATES 661

E A . .
Si,N, Si(H)
lzTR
IR N
My
: uH*
ESi-H .
EN-H :
nE®) n®

Fig. 7. Energy scheme of the process of diffusion of hy-
drogen atoms from a dielectric substrate (SisN4) into a
growing Si layer: (a) initial states of SizNy (left panel)
and Si (right panel); (b) alignment of the py position,
formation of a Si(H) layer; (c) continuation of growth
and addition of a +Si layer; (d) alignment of the pu po-
sition; ug is the initial position of the chemical potential
before alignment
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