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Santrauka

Siuo metu yra skiriamas didZiulis démesys silicio pagrindu veikianéiy $viesos diody
kurimui ir tobulinimui, kuriuos ketinama panaudoti integriniuose grandynuose [1].
EksperimentiSskai yra pademonstruota tiek kristalinio, tiek porétojo silicio ar silicio
kvantiniy dariniy elektroliuminescencija (EL) [2, 3, 4], nors tokiu pagrindu suformuotos
struktiiros yra pakankamai sudétingos, rezultatai sunkiai interpretuojami, o pagaminty
jtaisy na$umas netinkamas komercinei gamybai. Siame darbe pristatoma sukonstruota
trijy elektrody plazminé cheminio gary nusodinimo kamera (PECVD) ir su ja suformuoty

a-Si/SiNx supergardeliy ir Ce:SiNy dariniy EL, elektriniy ir morfologiniy savybiy analizé.

Sio darbo tikslas yra, naudojant trijy elektrody PECVD jranga, suformuoti optimalias
SiNx/a-Si:H nanometrinio storio sluoksniy elektroliuminescuojancias (EL) sandaras bei

pagerinti jy EL savybes legiruojant Ceriu.

Disertacija sudaryta i§ septyniy skyriy, suskirstyty j poskyrius. Pirmas skyrius yra
jvadinis, kuriame aptariami darbo tikslai ir uzdaviniai, pristatomas darbo naujumas,
ginamieji teiginiai, supazindinama su disertanto moksliniy straipsniy publikacijomis ir

pranesSimais konferencijoje.

Antrame skyriuje apraSoma silicio pagrindu EL struktiiry fizikiniai principai ir

pagrindinés taikomos technologijos.

Trecioje dalyje pristatoma sukonstruota PECVD kamera ir SiNy/a-Si:H bei Ce:SiNy

dariniy formavimo principai bei pagrindiniai technologiniai parametrai.
Ketvirtoje dalyje apraSomi darbe taikyti tyrimo metodai.

Tyrimy rezultatai pristatomi penktame, $estame ir septintame skyriuose. Siy skyriy
rezulteatai aprasyti atitinkamai [S1], [S2] ir [S3] dabuose. Dviejy ir trijy elektrody CVD
kamerose pagaminty sluoksniy tyrimas ir jy palyginimas pristatomas penktame skyriuje.
SiNx/a-Si:H supergardelés bei Ce:SiNx Sviecianciy dariniy struktiirinés, elektrinés ir

optinés savybeés pristatomos atitinkamai SeStame ir septintame skyriuose.



Introduction:

Huge efforts have been spent on developing high efficient Si-based light emitting
devices (LEDs) which could be incorporated into c-Si based micro-electronic devices [1].
Many attempts have been made to turn Si into promising light emitting material focusing

on porous silicon and various nano-size scale silicon structures [2, 3, 4].

Superlattice structures (SLs) of Si/SiNx[5,6], Si/SiOxNy [7], SiNx/SiNy [8] and Si/SiO:
[9] are investigated and SiNx based superlattice is showing promising results for LED
application due to the lower barrier height for both hole and electron injection into the
active region compared to SiO: structures. The light emission is usually interpreted by
either interfacial defect assisted radiative recombination or quantum confinement effect,
however, the mechanism of electroluminescence (EL) is still under debate [10]. Although
the influence of size of Si nanocrystallites, annealing conditions and the role of barrier
layers to EL are investigated [8,11,12], however, the effect of altering the thickness of
sublayers in a-Si:H/SiNx SLs with high band gap of SiNxwith no post annealing still has

not been properly explored.

Another technological alternative for the formation of Si-based LEDs is rare-earth
(RE) doping. Doped silicon based lattices have attracted considerable attention due to the
ability to emit the narrow wavelength radiation spectrum, low fabrication cost and
compatibility with conventional silicon technology. Narrow spectrum of the emitted light
usually arise due the electrons transition from 4f—4f orbitals which are partially shielded
from the environment by the 5s and 5p orbitals. An efficient light-emitting devices based
on various RE doped silicon structures have been demonstrated [13, 14, 15, 16]. On the
other hand, usually the cerium silicates are formed with thermal annealing for up to 1200
°C and annealing at such high temperatures can cause film oxidation or incompatibility

with temperature sensitive technologies.

In this work, we report our study of influence of various thickness sublayers to EL
from a-Si:H/SiNx SLs and we demonstrate the electroluminescence from the thin a-SiNx

films with embedded cerium atoms.



Work goals.

The aim of this work is to form electroluminescent SiNx/a-Si:H structures with

optimal thickness of the sublayers and to deposit electroluminescent cerium doped SiNx

films.

Main objectoves:

1.

To built the PECVD chamber, which would allow to control the deposition rate, width
of the SiNx band gap and other films properties.

To deposit a-Si:H/SiNy SLs.

To determine the relationship between deposition parameters and the EL properties of
the a-Si:H/SiNx structures.

To deposit the electroluminescent Ce:SiNx films.

To determine the relationship between concentration of cerium and the EL properties
of the Ce:SiNx films.

Novelty:

This paper introduces the SiNx, a-Si:H/SiNx and Ce:SiNx films's deposition

technology, presents the optical, electrical and morphological properties of these films.

The main novel results are:

1.

It was shown that three electrode PECVD chamber is superior to the conventional
parallel plate type reactor: additional electrode gives the ability to shift band gap of the
SiNx films in the wide range (1,85 eV — 5,15 eV), the layers have excellent electrical
(p = 5,47 x 10** Qcm) and morphological (Rq = 3.9 nm) properties.

Presented the influence of various thickness sublayers of both a-Si:H and SiNy to the
EL from a-Si:H/SiNx SLs.

Demonstrated the electroluminescence from thin a-SiNx films with embedded cerium

atoms.



Statements to defend:

1. Third electrode in the parallel plate PECVD reactor weakens the interaction between
plasma and the depositing layer, therefore, this leads to the better morphological,
electrical and optical properties of the films.

2. The main EL peak at ~700 nm is related to radiative recombination in thin a-Si:H layers
and the peak at higher energy (~560 nm) is originated from a-Si:H/SiNx interface defect
states.

3. The broad emission band at 650 nm is originated from an optically active defects in
Ce:SiNx lattice and the 460 nm band is attributed to the radiative transition from 5d—4f

energy levels of Ce®* ions.

Layout of the thesis.

The thesis consists of seven chapters and reference list (163 titles). The text is written in
Lithuanian language on 104 pages with illustrations presented in 43 figures and 3 tables.
An introduction, main goals, statements to defend as well as the articles and conference
presentations which concludes the presented data are listed at the first chapter of the
thesis. The second chapter describes the main principles of silicon-based LEDs as well
as the development and research history of Si-based LEDs. The sample preparation details
and experimental techniques are described in the third and the fourth chapter,
respectively. Original results are presented in chapters 5, 6 and 7. The results of the
characterization of silicon nitride layers deposited in three-electrode PECVD chamber are
demonstrated in chapter 5. The results of the electroluminescence from a-Si:H/SiNy
superlattice structures are showed in chapter 6 and the chapter 7 presents the results

related to the electroluminescence from SiNy layers doped with Ce®* ions.



5. CHARACTERIZATION OF SILICON NITRIDE LAYERS [S1]

5.1 Experimental details

In the same two- and three-electrode deposition CVD chambers two series of samples
were produced on both CaF, and on Al-coated glass substrates. The first series of samples
(SiNx-111) were produced using the method of RF PECVD chamber with three horizontal
stainless steel electrodes (Fig. 5.1). N2 gas was injected with a gas flow rate up to 10
standard cubic centimetres per minute (sccm) through a grounded showerhead electrode
(D), which ensured a uniform flow of gas. Due to high nitrogen and silane gas dissociation
energy difference, the silane and argon gas mixture SiH4 (5%) + Ar (95%) entered the
field of plasma through a side nozzle in the reactor. The plasma was excited between the
shower (D) and the grid (T) electrode using the constant power of a 23 MHz frequency
generator (G). The negative (-30V) DC voltage was applied to the sample holder (S). The
distance from the electrode T to the shower shape electrode was 3.5 cm (l1) and 7 cm was

the distance (I2) to the sample holder.

The second series of samples (SiNx-11)
were deposited in the CVD chamber

without the net electrode T. In this case, the

S power generator has been connected to the
| — S and D electrodes as in the conventional
_’7 T parallel-plate CVD reactor. The distance
5 l, _:{%E}E:_ D | } | ~@G| between the electrodes was 3.5 cm.

s [ - 1 o | For the deposition of all the layers the
0 {} {} temperature of substrate and the pressure of

Fig. 5.1 Schematic view of the gasmixture in the chamber was 300 °C and
deposition system. Details are in the

text. 0.2 Torr, respectively.



5.2FTIR and spectroscopic ellipsometry measurements

The structure of the bonds of SiNx-111 layers was examined using the FTIR method.
The FTIR measurements were performed in the specular reflection from the SiNx samples
deposited on aluminium-coated glass substrates, thus, for estimation of density of the
bonds double thickness of the layer has been used. As the layer thickness is less than half
of the irradiation wavelength, possible changes of the positions of absorption bands may
be expected [17].
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Fig. 5.2 FTIR spectra of SiNx-111 samples grown at different gas ratios.

Figure 5.2 shows the FTIR spectra of the SiNx-111 samples deposited at different gas
ratios. Interference effects in the films were removed from the spectra via the base line
correction technique, and the spectra were normalized to the ~2185 cm™ absorption band.
The peak at ~860 cm™ is assigned to the vibrations of Si—N asymmetric stretching [18].
The shoulder at ~1180 cm™ and the vibration band at ~3345 cm are attributed to the N-H
rocking and stretching modes, respectively [18, 19]. The peak at ~2185 cm™ is assigned
to the Si—H stretching band [18]. This absorption band demonstrates the blue shift with
increasing gas ratio. The samples, deposited at higher gas ratios, also exhibit a small peak

at 1545 cm1, which can be assigned to the NH bending vibration [19]. The IR absorption
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areas of Si—H and N-H bonds were integrated and multiplied by the constants determined
by Lanford et al. [20]. This allowed us to evaluate the density of Si—H and N-H bonds
(Table 5.1). The stoichiometry of the film was obtained from the following expression
[21]:

]+070 (5.1)

><|>—*

0084%

Table 5.1. SE and FTIR results of SiNx-111 series of samples.

Dujy Si-H N-H N/Si n N/Si
santykis (R)  (10%%/cm®)  (10?%%/cm®) (FTIR) (632nm) (SE)
0,5 1,54 0.19 0.72 2.1 1.0
0,63 1,48 0.33 0.93 2.0 1.1

1 0,38 1.35 1.35 1.9 14

1,59 0,12 1.33 141 1.6 2.0

An experimental SE data in terms of the ellipsometric parameters A and ¥ for the
SiNx-I11 sample are presented by dots in Fig. 5.3. The clearly pronounced oscillations are
due to interference from the SiNy layer. The oscillations fade out in the short-wavelength
region above the absorption onset of SiNx. The refractive index of SiNx was determined
from the experimental SE data using the three-phase model: Al covered glass substrate,
SiNy layer with surface roughness, and ambience. The best fit was achieved employing
the Tauc-Lorentz model [22]. The obtained refractive index of SiNy varied in the range
from 1.6 to 2.1 (at 632 nm) depending on nitrogen concentration. The insert of Fig. 5.3
shows the refractive index of the SiNx-111 series of samples as a function of wavelength.
Silicon rich samples demonstrate higher values of the refractive index. This is a common
pattern for silicon nitride. Stoichiometry of the film was estimated from the refractive

index n according to [23]

N 4 34-n
Si  33n-04

(5.2)
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Fig. 5.3 Typical ellipsometric parameters ¥ and A for the SiNx-I1I film. The fits obtained
using the Tauc-Lorentz model are shown as lines. The insert shows the variation of

refractive index of the SiNx-I11 samples grown at different gas ratios.

The films deposited using the chemical vapour technique contain a significant amount
of hydrogen [18, 20], but Eq. (5.2) neglects contribution from hydrogen bonding, resulting
only in a rough estimation of stoichiometry. In our research the N/Si ratio, estimated from
Eq. (5.2), increases with increasing the gas ratio injected into the deposition system (Table
5.1).

5.3 Surface roughness

Surface roughness of the SiNx samples, prepared using different configurations of the
chamber, was examined using AFM. The stoichiometric layers (x = 1.35 of SiNx-11l and
x = 1.21 of SiNx-Il) that have been deposited on aluminium-coated glass substrates were
chosen for comparison. Figure 5.4 shows the surface morphology of the films. It is clearly

seen that the surface of the SiNx-I1 film consists of higher density and larger nanometre-
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size grains than ones of the SiNx-111 sample. The measured root-mean-square roughness
(Rq) of the area was 9.4 nm and 3.9 nm for the SiNx-11 and SiNx-I11 films, respectively.
This difference could be due to different configuration of the electrodes in the chamber.
In a parallel-plate reactor the surface of the layers is bombarded by the charged particles,
which may lead to a rougher surface of the layer. On the other hand, this difference in
roughness may also be influenced by different deposition rates because the parallel-plate

CVD configuration causes accelerated film growth.

(a) (b)

Fig. 5.4. AFM surface images of (a) SiNx-111 (x = 1.35) and (b) SiNx-11 (x = 1.21)

samples.

5.3 Optical measurements

The UV-visible absorption spectra of the films deposited on CaF» substrates were
measured. The optical energy band gap value of the film can be obtained from absorption

measurements using the well known Tauc’s formula [24]:

(ahv)¥? = B(hv — Ey), (5.3)
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where o is the absorption coefficient, B is the constant, 4v is the photon energy and Eg is
an optical band gap. In Fig. 5.5 the Tauc’s plots of the deposited SiNx samples are shown.
Linear extrapolation of the curve allows to set Eq because the Tauc’s model considers only
direct optical transitions. The oscillation observed in the spectrum is determined by the
interference fringes in the film. Using a three-electrode CVVD chamber it was possible to
change the width of the energy gap from 1.85 eV (amorphous silicon) to 5.15 eV (R =
1.59) with increasing the gas ratios R (Table 5.2). The latter electrode configuration was
much more sensitive to gas ratio variation than in the case of parallel-plate configuration.
Moreover, using the parallel-plate configuration the widest band gap of the samples was
only 3.9 eV at R = 10. As expected, the band gap of silicon nitride increased with
increasing nitrogen content in the films for both series of the samples.

(b) T T T T T T T
1000 SiNx-II

(a) T
1000 - SiNx-11I

800 | 800 |

o
£ =
2 €
S 600 E  eoof -
L2 >
o L
o 400} = 400} 4
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= S
200 | 200F e -
i A
0 0 1 " 1 "
1 15 20 25 30 35 40 45 50 55
Photon energy (eV) Photon energy (eV)

Fig. 5.5. Absorption dependencies (Tauc’s plot) of silicon nitride samples deposited in (a)
three-electrode and (b) two- electrode CVD chamber.

6.0

Table 5.2. Deposition parameters and properties of SiNylayers.

Series of Deposition rate, SiH4+Ar, sc cm . E;, eV |Thickness, nm N/Si
. N,, sc cm Ratio R

sample nm/min (EDS)
] 10.1 0 6.3 0 1.85 606 -
I 4.63 6.3 12.6 0.5 2.32 556 0.69
11 4.86 6.3 10 0.63 3.8 585 0.98
] 4.95 6.3 6.3 1 4.4 594 1.35
11 4.85 10 6.3 1.59 5.15 582 1.44
I 8.14 6.3 6.3 1 2.35 570 0.62
Il 8.35 12.6 6.3 2 2.85 585 0.76
Il 8.12 315 6.3 5 3.5 569 1.01
Il 8.28 63 6.3 10 3.9 580 1.21
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5.4 Breakdown strength and leakage current

For application purposes a critical parameter of the dielectric layer is a magnitude of
breakdown electrical field. Although the breakdown voltage is an intrinsic property of the
material, however, the maximal breakdown magnitude may vary depending on the surface
roughness, imperfections as well as on the thickness of the film. Even the area of the

electrode may have an influence on the magnitude of breakdown voltage.

The samples, which have been tested using AFM, were chosen for electrical
measurements (Fig. 5.6). The measurements of current-voltage (I-V) characteristics were
made for the both polarities of voltage on the electrodes, however, the 1-V dependences

were identical.

107 g

10° 3

10* 32

.
1700

107 3

10° -
SN -1l

Current density (A/cm?)

F i i 5 A
0 1 2 3 4 5 6
Electric field (MV/cm)

Fig. 5.6. Dependences of current density on electric field of SiNx-11 (x = 1.21) and SiNx-11I

(x =1.35) samples. The insert shows a typical linear part of PF plot.

The current density dependence at high electrical field can be interpreted as the Poole-

Frenkel (PF) emission [25]. The PF emission occurs due to the field-enhanced thermal
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emission of trapped electrons to the conduction band, and the current density is described
by a general expression

_pVE
] = AEexp [—qd)’;k# , (5.4)

where B= q /neeo, A is the constant, ®g is the barrier height, ¢ is the dielectric permittivity,
k is the Boltzman constant, and £ is the correction factor which may vary between one and
two, depending on the amount of the compensating acceptor. The PF plot of In(J/E) versus
E yields a straight line:

In (%) = ’;klf +(ina - ‘%’) (5.5)

The typical linear part of the PF plot is shown as an insert in Fig. 5.6 and is taken as
the evidence of PF conduction. The slope of the PF plot is proportional to £ and can be

expressed by
s=2L (5.6)

The experimentally measured slopes for the SiNx-11 and SiNx-111 samples are 0.0129
and 0.0121, respectively. The theoretical value of the slope S for stoichiometric SisNs (e
=7)is 0.0111, which is fairly close to the measured values. If we assume that £ = 1, then
¢ = 5.2 and 5.9 for the SiNx-11 and SiNx-111 samples, respectively. The discrepancy may
occur since £ is not strictly equal to one and depends on the nature and density of traps in
the film. For the determination of ¢ we consider that electrical field in the film is
homogeneous, however, it is known that the charge carriers injected into the SiNx film are
trapped and create a space charge. The dielectric constant in the visible range (~500 nm)
IS ~4 and the static dielectric constant is around 7, therefore, the dynamic dielectric

constant must range between 4 and 7 [13].

The SiNy samples deposited using the three-electrode CVD reactor, at the same electric
field, demonstrated lower current density compared to that of the samples prepared using
the two-electrode configuration CVD reactor. Since most of field-effect devices operate
at approximately 2 MV/cm electrical field, it is reasonable to compare current density

particularly at this electrical field strength. At 2 MV/cm, the average current density is 3.6

16



x 10 A/lcm?and 7.9 x 108 A/lcm? for the SiNx-111 and the SiNx-11 films, respectively. The
measurements on different electrodes of the same sample did not show any significant
fluctuation of current magnitude while the breakdown strength ranges from 4.6 MV/cm to
5.3 MV/cm for the SiNx-111 and from 3.4 MV/cm to 3.9 MV/cm for the SiNx-11 films. In
our case, taking into account the AFM measurements, lower breakdown strength of the
SiN-Il film can be explained by higher surface roughness and not necessarily by the
intrinsic properties of the material. In the region of weak electrical fields the current
density dependence on the electric field corresponds to the Ohm’s law. In a weak electric
field (0.5 MV/cm), the average estimated resistance of the SiNx-111 and SiNx-I1 films are
5.47 x 10 Q cm and 2.4 x 10 Q cm, respectively. Although the electrical properties of
PE CVD silicon nitride depends on the method of deposition, the both samples

demonstrate a decent resistivity value of >10% Q cm [27].

In conclusion, it was found that SiNx layers deposited in three electrode PECVD
reactor showed better electrical, optical and morphological properties. These features are

required for the formation of electroluminescent SiNx/a-Si:H SLs.

17



6. SINx/A-SI:H SUPERLATTICE STRUCTURES [S2]

6.1 Experimental details

The multilayers with 7.5 a-Si:H/SiNx periods of sublayers have been deposited on the
ITO coated glass substrates using three electrode PECVD chamber. The plasma excitation
frequency of 13.5 MHz has been used and the temperature of substrate during deposition
has been fixed at 300 °C. The silicon layers have been deposited using gas mixture of 5%
silane and 95% argon at total gas flow of 6.3 sccm and 27 Pa pressure. For deposition of
silicon nitride layers the nitrogen has been injected (6.3 sccm) into the plasma enhanced
chemical vapour deposition chamber, additionally. For the UV-visible light absorption
measurements, the individual SiNxand a-Si:H layers have been deposited on CaFcrystals.
An Egof the films has been estimated using Tauc's method [24]. The band gap of deposited
SiNxand a-Si:H films was 5.1 eV and 1.7 eV, respectively.

The schematic structure of the samples is shown in Fig. 6.1. The first series of
a-Si:H/SiNy samples have been deposited by varying the thickness of the SiNy sublayers
from 2 nm to 5 nm while the thicknesses of a-Si:H layers have been fixed at 3.5 nm. The
second series of samples have been deposited of fixed thickness (2 nm) of SiNysublayers
while the thickness of a-Si:H sublayers has been varied from 1.5 nm to 3.5 nm. The

*Al samples have been investigated using FEI

e TECNAI F20 electron  transmission

—> a-SiNx mijcroscope (TEM) equipped with a field

emission electron gun. Accelarating voltage

—>a-Si:H - \ag 200 kV and bright field images were

ITO recorded on GATAN Orius CCD camera. The

Glass thickness of layers has been determined from
Light

emission the deposition rates and these results were

\/ confirmed by TEM measurements. The

Fig. 6.1. Schematic view of the Si/SiNx  aluminum electrodes of 2 mm diameter have
device structure been deposited on top of the layers as cathode.

The samples have not been post annealed.
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6.2 Structural properties of SiNx/a-Si:H SLs

Cross-section of transmission electron spectroscopy (TEM) micrograph of a-Si:H/SiNx
SLs is shown in Fig. 6.2. An individual SiNxand a-Si: H layers of the sample are visible
in the TEM image as dark and bright stripes. As can be seen from the image the deposited
structure replicates the roughness of the ITO substrate. The insert of Fig. 6.2 shows a
silicon nanoparticle embedded between two SiNx sublayers. In a high resolution TEM

image we can observe a crystalline structure of Si nanoparticle.
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Fig. 6.2. TEM image of a-Si:H/SiNx SLs. The insert shows a formed silicon nanocrystallite

in the interface of two SiNy layers

6.3 Electrical properties

J-V characteristics of the first series of samples of different thickness of SiNx barrier
layers are shown in Fig. 6.3. The thicker samples demonstrates higher onset voltage of EL
while the shape of the spectrum remains almost unchanged. Measurements under reverse
bias showed similar J-V characteristics with slightly lower current densities. The
dominant current mechanism is considered to be Fowler—Nordheim (FN) tunnelling under
high electric field. This can be verified by fitting J-V characteristics in a FN plot (insert

of Fig. 6.3). Since the electrical resistivity of SiNy is at least few orders of magnitude
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higher than the resistivity of a-Si:H, for numerical modelling it was assumed that the

electric field mainly is concentrated in SiNx sublayers [18].
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Fig. 6.3. J-V characteristics of Si/SiNx SLs with different thicknesses of SiNx sublayers.

Insert shows plotted In(J/E?) as a function of E™*.

SLs deposited on c-Si wafer usually suffers from hole overflow into the active region
due to the lower barrier height for holes compared to the barrier height for electron
injection from transparent conducting layer (ITO or aluminium doped zinc oxide) [27, 28].
Fig. 6.4 shows the proposed energy level diagram of our device [29-31]. Although, the
barrier for holes is decreased by 0.6 eV compared to the barrier for electrons inside the

active region the injection of electrons from Al electrode should exceed the injection of

holes from ITO due to the relatively lower barrier by 0.4 eV.
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Fig. 6.4. A schematic energy level diagram of the device.

6.4 Electroluminescence from SiNx/a-Si:H SLs.

Fig. 6.5 shows the EL spectrum of the first series of sample with 2 nm thick SiNy
sublayers measured under forward bias of 11, 12, 13 and 14 V. The fitting performed on
the spectrum yields two Gaussian peaks at 560 nm and 700 nm. The position of both peaks
is independent on applied voltage. The total integrated EL intensity (Lx) increases linearly
with increasing the current density (insert of Fig. 6.5). This linear behaviour suggests the
bipolar injection of charge carriers into the active region with following emissive
recombination and points to the absence of impact ionization mechanism. In the case of
impact ionization the energy of injected carrier depends on the applied voltage and this
would lead to super-linear dependency of integrated EL intensity vs. current density [11].
It must be noticed that integrated EL intensity of 700 nm peak grows faster compared to

the integrated intensity of 560 nm peak (insert of Fig. 6.5).
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Fig. 6.5. The EL spectra of a-Si/SiNx SLs with SiNy sublayers thickness of 2 nm under
forward bias. Decomposed bands: 700 nm and 560 nm. The insert shows linear relation

between integrated EL intensity Lz and the current density.

There are a lot of possible origins of the electroluminescence in a-Si: H/SiNx SLs. The
EL may be caused by quantum confinement effect in the structure, or by luminescence
from localized states in the a-Si:H and SiNy interface, or by localized states inside the bulk
of SiNx sublayers [10]. Also the emission in near-IR band could be related to the light

emission from Si nanoparticles embedded in the silicon nitride matrix [32].

After an annealing the Si-rich materials the excess of silicon forms Si quantum dots
(Si-QDs) and this leads to enhancement of EL. Although our SLs have been formed
without post annealing, we observed a few Si-QDs in TEM micrographs, one of which is
shown in insert of Fig. 6.2. As follows from TEM micrograph the size of shown
nanocrystallite is approximately 4 nm. The search of slices demonstrated that the observed
nanocrystallites of a similar size are mainly in a-Si:H sublayers. However, the well-defined
nanocrystallites of smaller dimensions were not observed neither in a-Si:H, nor in SiNx.
We make an assumption that crystallization centres in our SLs occur at the interface of

a-Si:H/SiNy and this leads to rapid growth of Si QD during the deposition. We cannot
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eliminate possibility that QD of smaller than 4 nm may be formed in the interface or in
SiNxclose to a-Si:H/SiNy interface and, therefore, the possible EL from the surfaces of Si
nanocrystals cannot be excluded. However, in TEM micrographs the smaller than 1.5 nm
nanocrystallites have been not observed.

According to Ref. [33] the quantum confinement effect in nanocrystallites larger than
1.5 nm size may not be sufficient to overcome the indirect gap of c-Si, thus, may not cause
the EL.

According Ref. [34, 35] the origin of peak in the vicinity of 700 nm could be caused
by recombination of injected charge carriers trapped in the localized states of SiNy
sublayers. However, with reducing the thickness of a-Si:H layers the 700 nm peak shifts
to higher energy (Fig. 6.6) although this should not be seen if the origin of this peak is
attributed to the defects into SiNx layers. As can be seen from energy diagram shown in
Fig. 6.4, the EL peak at 700 nm corresponds to the width of band gap of the a-Si:H
sublayer. Also as follows from Fig. 6.6, this EL band blue-shifts from 700 nm to 650 nm
with decreasing the thickness of aSi:H sublayers from 3.5 nm to 1.5 nm (the thickness of
SiNx barriers was 2 nm). With reducing the thickness of the a-Si:H sublayer the emission
shifts to higher energy region due to the quantum confinement effect. Widening of the
optical band gap (Eg) of a-Si:H layer due to the quantum confinement effect could be
estimated using the Kronig—Penny model for a free electron in a one-dimensional square-
wave periodic potential [36]. For modelling we assumed the parameters as follows: optical
band gap 1.7 eV of a bulk a-Si:H; 2 nm thickness of SiNy; valence and conduction band
discontinuities at the a-Si:H/SiNx interface .= 2 eV and v= 1.4 eV, respectively. The insert
of Fig. 6.6 shows a good agreement between experimentally measured shift of 700 nm
peak position and the calculated Eq values (solid line) as a function of a-Si:H layers
thickness. This suggest that the origin of EL at 700 nm is due to the radiative
recombination within a-Si:H layers embedded into SiNx matrix and is not related to EL

from SiNy defects.
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Fig. 6.6. EL spectra of a-Si:H/SiNx SLs with different thicknesses of a-Si:H sublayers at
14 V. The insert shows optical band gap Ey dependence on the thickness of a-Si:H

sublayers (the solid line is calculated values).

The EL peak at 560 nm, on the other hand, does not shift with decreasing the thickness
of a-Si:H. Also the relative intensity of peak at 560 nm is unchanged with decreasing the
thickness of SiNxwhich excludes the assignment of it to EL from defect centres in SiNx
layer, therefore, the high energy band may be attributed to radiative recombination from
defect states or smaller than 1.5 nm nanocrystallites at a-Si:H/SiNy interface [7]. This is
supported by EL dependencies on density of current (insert of Fig. 6.5) of integral EL of
peak at 560 nm (Lseo), 700 nm (L700) and of integral of the whole EL signal (Lx). The Lzoo
~ J'5and Lsgo ~ J°°, while integral EL demonstrates linear dependence on J. The latter
dependencies may be explained by redistribution of charge carriers between interface
states and a-Si:H sublayer, which is induced by increasing electric field. The increasing
electric field empties interface states, thus, reduces EL at 560 nm, while the released

charge carriers get to a-Si:H sublayer and increase EL at 700 nm, correspondingly.
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In conclusion, we have fabricated luminescent a-Si:H/SiNy superlattice structures
(SLs) with different thicknesses of both a-Si:H and SiNx sublayers. The TEM micrograph
revealed the small amount of silicon nanocrystalls. The main EL peak at ~700 nm is related
to radiative recombination in thin a-Si:H layers and the peak at higher energy (~560 nm)

is originated from a-Si:H/SiNy interface defect states.
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7. Ce:SiNx ELECTROLUMINESCENT LAYERS [S3]

7.1 Experimental details

A seven light emitting devices have been formed on the indium tin oxide (ITO) coated
glass. The schematic view of the sample is shown in Fig. 7.1. The thin layer of SiNyx (~27
nm) has been deposited on top of ITO layer using three electrode PECVD chamber. The
temperature of substrate heater inside the PECVD chamber was set to 300 °C. The nitrogen
gas has been used as N precursor at the gas flow rate of 5 standard cubic centimetres per
minute (sccm). The gas flow of the 5% silane and 95% argon gas mixture has been set to
6.3 sccm with a total gas pressure of 30 Pa in the PECVD chamber. The plasma excitation
frequency has been set at 13.5 MHz. Subsequently a thin layer of cerium has been

sputtered from 99.9% purity cerium target via direct current sputtering method.

The sputtering has been carried out under an argon gas flow of 6.3 sccm at 13 Pa
pressure with an applied voltage of 4.6 kV. An each sample has been subjected to the
sputtering treatment for the different period of time: 25,50 s, 75 s, 100 s, 200 s and 500
s. After deposition of cerium, the ~27 nm of SiNx layer has been deposited on top, as
discussed above. Also the reference device have been prepared without cerium doping but

in accordance with the same preparation procedure.

The bulk SiNy layer have been deposited on the CaF» crystal for light absorption

measurements. The absorption spectrum was collected in the VU/Vis/Nir spectral range

Al The band gap of 4.7 eV of the films has been
Schx estimated using Tauc's method [24]. A SiNx
SiN, layer demonstrated penetration depth &, = 63
ITO ‘ - nm for 258 nm wavelength radiation.
Glass Light Based on the results of the absorption
Ei i measurements the Yb:KGW laser has been

selected for lattice annealing purpose. The
wavelength of femtosecond (t = 280 fs) “PHARQOS” laser (fundamental wavelength A =
1030 nm) has been converted into 258 nm using nonlinear crystals. The fundamental laser

power has been locked by internal laser source power lock and the repetition rate of laser
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pulses was set to 200 kHz. An experiment has been performed using “Aerotech” linear
translation stages and positioning sample regarding laser beam. The controllable density
of light pulses was set to 2000 pulses per millimetre of length in both directions of X and
Y axis. The diameter of laser beam at 1/e? was 2.8 mm and the plano-convex focusing lens
of fused silica with F = 150 mm has been used. An average energy of single pulse has
been set to 0.26 uJ to process the samples and A/4 wave plate has been used to produce
circular polarization of light. With the purpose to avoid surface oxidation during laser
processing, samples have been placed in the inert Argon gas environment. The rectangular
shaped aluminium electrodes of 2 mm? area have been vacuum deposited on top of the
laser treated and untreated parts of the surface. The laser treatment experiments have been

performed in “Altechna R&D” laboratory.

7.2 Structural properties of Ce:SiNy layers

In Fig. 7.2 the cross-section of as deposited sample obtained using a transmission
electron spectroscopy micrograph and the linear profile of energy- dispersive X-ray (EDX)
spectrum are shown in Fig. 7.3a. The scan of EDX line profile confirms the compositions
of the layers and the TEM image clearly indicates buried cerium layer in the SiNy lattice
The sputtering from cerium target for a 500 s results the deposition of ~12 nm thick cerium
layer, which corresponds to the deposition rate of ~0.24 A/s. In the investigated samples
the thicknesses of cerium layers were
calculated according to the deposition
rate and corresponds to 0.6 nm, 1.2 nm,
1.8 nm, 24 nm, 48 nm, 12 nm
thicknesses and the samples were named
No, Nos, N12, Nig, N24, Nagand Nio,
respectively, where index is referred to

thickness of the cerium layer. In Fig.

7.3b the EDX profile scan of N1, sample

after the laser treatment is shown. It is

Fig. 7.2. TEM cross-section image

seen that the cerium distribution profile
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spreads into the SiNy layer and, after the laser annealing, a full width at half of
concentration maximum increases from 16.7 nm to 24.4 nm. It must be noted that the real

distribution may vary due to the oxidation of lamella and the roughness of layers junction.
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Fig. 7.3 a) EDX line profile of the N1z structure before and b) after laser treatment.

7.3 Electrical properties

In Fig. 7.4 the J-V characteristic of laser annealed N1, sample is shown, as example.
The J-V dependences have been measured under the reverse polarities of voltage showed
the same pattern with a lower current densities due to different band offset of the
aluminiumand ITO [29, 31]. It is worth to emphasize, that the external quantum efficiency
of our device is close to 107° order of magnitude, therefore, the EL measurements under
reverse polarity demonstrates only a trace of electroluminescence and will not be
discussed. The Poole-Prenkel (PF) thermionic emission [25] is usually applied for
description of the conduction mechanism in such dielectric and amorphous materials as
SiNx. Also, Fowler-Nordheim tunnelling model can be used when the conduction through
the defects or impurities is expected. In our case, due to that plot of In(J/E) versus VE
yields a straight line, in the region of a high electric field the current density dependences
are well fitted using PF conduction model (the insert of Fig. 7.4). It was assumed that the
voltage drops only in an insulating SiNx layer. However, nevertheless the samples with a

thicker layer of cerium showed a higher conductivity the thickness of SiNx
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Fig. 7.4. The V-J characteristic of N1 sample. The insert shows In(J/E) plotted as a

function of E2,

for all samples were the same. Such a pattern could be explained by the diffusion of the
cerium into SiNy lattice during the laser annealing. This assumption was verified by the
measurement of J-V dependences of the laser untreated parts of the samples. The
unprocessed samples demonstrated a lower conductivity which almost did not depend on
the thickness of cerium, therefore, the SiNx/Ce/SiNy structure could be interpreted as a
sum of three resistors connected in series. After laser treatment the cerium diffuses into

the SiNx layers and creates a more conductive paths for the injected charge carriers.

7.4 Electroluminescence from Ce:SiNx layers

The turn on voltage of LEDs varied from 7 V to 10 V with a current density at around
of 5 mA/cm? depending on the conductivity of the structure. An evolution of EL emission
spectra of the N12 sample on current density is shown in Fig. 7.5. The SiNx LEDs with
and without cerium doping emit a broad band in the range from 500 nm to 800 nm

wavelength. The attribution of this peak is followed by a lot of debates. Usually the origin
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of this band is assigned to EL from silicon quantum dots (Si-QD) embedded in the silicon
nitride matrix [32] or from the SiNx defect states [37]. According to the work of Brown
and Rand [38], Si-Si bonds form a ¢ and c* states near the valence and conduction bands
respectively while silicon dangling bond (K°) forms a gap state in about the midgap. The
silicon dangling bond is a dominant trap and recombination centre in silicon nitride,
which may be radiative or non-radiative. The energy distribution of localized states is
responsible for broadening of a spectra. The centre of EL band should arise in the
wavelength close to the half of the energy of SiNx band gap, thus, emission at 650 nm is
reasonable to expect. Moreover, this band does not change its position dependently on
the magnitude of injected current. According to Ref. [39] this behaviour suggests the
origin of EL from defect states rather than EL due to the contribution of small-sized Si
nanoparticles. Also, the analysis of TEM micrographs of our samples did not reveal any

signs of formation of silicon quantum dots in the films.
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Fig. 7.5. The EL spectra of N1 sample under forward bias.



The Cerium doped samples exhibited a wide peak at 460 nm wavelength (Fig. 7.6),
which could be assigned to radiative transition from 5d-4f energy levels. Though, the
position of 460 nm peak shifts slightly to the red wavelength with increasing of applied
voltage, however, fitting of the spectra by two Gaussian peaks showed no trend in shifting
of position whatsoever. On the other hand, the intensity of 460 nm peak strongly depends
on the concentration of the cerium in the structure. The evolution of 460 nm peak is shown
by dashed lines in Fig. 7.6. The EL spectra were taken at fixed current density of J=140
mA/cm?. With increasing of Ce layer thickness in the film, at low Ce thicknesses the 460
nm peak intensity strengthens, achieves maximum and, afterwards, starts to quench the
EL emission until it disappears at all. The dependency of integral EL intensity of 460 nm
band on the thickness of deposited cerium is shown in the insert of Fig. 7.6. If we assume
that cerium atoms are uniformly distributed in all the samples then the cerium
concentration would vary in the range between 10%° cm=3and 10%° ¢cm3, which is the upper
limit for the solubility of RE ions in the Si-based materials [40]. Also the EDX line scan

suggests that distribution is similar to Gauss rather than
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Fig. 7.6. Evolution of 460 nm peak intensity for different samples at fixed J = 140 mA/cm?
density of current. Dashed lines shows-the decomposed 460 nm band. In insert the

dependence of EL integral intensity of 460 nm band on cerium thickness is shown.
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homogeneous, therefore, the formation of optically inactive cerium clusters are very likely

[41]. The 5d-4f transitions are partially allowed due to the odd crystal field component,

10° when Ce ions are incorporated into
| :

o~ LZN JF & the host matrix. However, the
‘é’ A concentration quenching effect takes
e 3 place when at high concentrations the

-e L NJI 4 & 2 : 7 % i . .
S, 650 —g A f’ Ce®* centres start to interact with each
2 10% " l,:. \7 other and disrupts the local periodic

iq ,// 4 \ -
< L460~‘]0.6 field [42]. The 460 nm band was not
-l A observed in the laser untreated
10 , 100

J (mA/cm”) samples, therefore we speculate, that

after laser treatment, the thin layer of
Fig. 7.7. The dependencies of integral EL

intensity and of different bands on density of
current lattice and form a Ce3* bonds while

cerium is tending to diffuse into host

the thicker layers of cerium remains
in non-radiative form. Also, the dependency of integral EL intensity of each band on
current density is shown in Fig. 7.7. With increasing the density of current the integrated
intensity of 650 nm peak (Lsso) raises more rapidly than intensity of 460 nm band (La4eo).
Although, the integral of total EL signal follows the linear dependence on J, the intensities
of two distinguished bands corresponds to Lago~ J%°and Leso ~ J*4. This strongly indicates

that the origin of these emission bands are different.

The dominant recombination mechanism of our device can be determined using
Z-parameter analysis [43]. If we neglect the leakage current, the net recombination from

the injected current can be estimated from the following expression:
[ =qV,R(n), R(n) =An+ Bn?+Cn3, (7.1

Here | is a total current, N is a charge carrier concentration and Vais an active volume.
A, B and C are coefficients associated with non-radiative, bimolecular and Auger
recombination processes, respectively. The output power of EL (P) is related with

radiative current (I,) as:
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P « I, x n? (7.2)
Therefore, Eq. (7.1) can be converted to a following expression [28]:
In(l) = ZIn(PY?) + C (7.3)

In Eq. (7.3) the Z parameter may vary in the range from 1 to 3. The Z parameter can
be evaluated from experimental data by fitting the linear part of In(P*2) versus In(l)
dependency. In our devices the Z value varies in the range of 1.4 to 1.9 (Fig. 7.8). The
lowest Z value (1.4) was estimated in the sample with 4.8 nm of cerium. This suggests
that, in this case, there is no single dominant recombination mechanism in the structure
but rather the mix of non-radiative and bimolecular recombination processes. This
recombination mechanism may be attributed to the unbalanced injection of holes and
electrons into the structure. The highest Z value (1.9) was obtained in the sample with 1.2
nm of cerium. This implies that bimolecular recombination could be dominant. The
dependence of Z values on the thickness of cerium in the films varies similarly as an
integral of EL intensity: the cerium doping increases the Z value, however, after reaching

the excess amount it begins to decrease.
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Fig. 7.8. In(1) versus In(P¥?) plot for the samples with the different thicknesses of cerium.
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7.5 Degradation of Ce:SiNx layers

The degradation of our device has been determined by measuring L-t curve at the
constant density of current. The evolution of integral EL intensity is shown in the Fig. 7.9.
The EL intensity demonstrates rapid initial decay and a moderate decrease in the long time
region. This trend could be fitted by a sum of a two different exponential decay functions
[44]:

? = ae™% + be~Ft; (7.4)
0
here a, b, a, B are the fitting parameters. This behaviour suggests that degradation of the
structure is influenced by the multiple independent degradation mechanisms. The lifetime

of the device (at a moment when EL intensity decreases by half) has been evaluated by

extrapolation of the fitted function and is equal to 1200 h.

The electroforming effect is possible explanation of the initial rapid EL decrease of the

device. The structural changes in the SiNx films may be observed due to the Joule heating.

- Usually, the thermal breakdown is
= T -at -Bt . o

L/L(,_a e the accompanied by nanocrystallization

0.95 ! ; of the film, the increase of

L Fitting parameters: .

s a=0.83348 electroluminescence, the decrease of
§ 0.90 |- b=0.16916 . o

o= 4.26E-4 shunt resistance, or by the diffusion

085 L gl of metal from the electrodes into the

film [10, 45]. The duration of

S electroforming process depends on
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Fig. 7.9. L-t curve for N1o2sample. The current  few seconds [10]. During EL
density was fixed at 100 mA/cm?. Full circles
shows the experimental data and a red line
demonstrates fitting according to Eq. (7.4).

degradation = measurements  the
current density was fixed at 100
mA/cm?. During the first 3 h the
applied voltage monotonously dropped from 16.9 V to 15.3 V and stayed constant during

the rest duration of experiment. The flow of current formed the permanent regions of lower
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resistivity in the SiNysublayers. These structural changes may reduce the density of defect
states and cause the decrease of EL intensity. Additionally, the incorporation of metal into

the films may distort the local periodic field near the Ce®* ions and weaken the EL.

In conclusion, the broad emission band at 650 nm is originated from an optically active
defects in SiNy lattice and the 460 nm band is attributed to the radiative transition from
5d-4f energy levels of Ce3*ions. The transport of charge carriers is interpreted as Poole-
Frenkel thermionic emission at high electric field and the dominant recombination

mechanism depends on the level of cerium doping.
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