Chapter 3
Development of Amorphous Silicon Alloy Thin Film Light Emitting Diode

with a-SiN:H as a Luminescent Layer

3.1 Introduction ‘ ‘

The interesting wide w‘ﬁ orphous silicon alloys studied in
this thesis are a—SiN:@ and a _This chapter will start with the
a-SiN:H and its applica hink

The hydrogenated g ph ilicon nitri SiN:'H) alloy has been widely

studied by many reséa yOups:, from: ] of both basic properties and
possibility of applic The main applications of
a-SIN:H up to date electronic device and a gate
layer in a thin film tr used on its excellent insulating
properties. Concerning its es, there were some reports on the
optical properties of a-SiN:H ed that visible photoluminescence was
able to be observequ the a-Sl i nergy gap larger than about

2.2 eV. However, fhere has been no the pplication of a-SiN:H as a
luminescent active lagr in any light o'device s&ar.
Amorphous siligon.nitride was geneyally prepared by a glow discharge plasma

CVD methmﬁpu Exe’g' w %}%@ We&lﬂcﬂaﬁ nitrogen. In this thesis,

ammonia was Wsed as the gas souxce. It is generally found t}ﬁ increasing nitrogen
e LRGP DU THAMEA ) S oo

In this chapter, the preparation, basic structural and optical properties of
a-SiN:H materials are described. The focus will be placed on the photoluminescent
properties of undoped a-SiN:H. A series of experiments has been made to develop an
injection type electroluminescent device with the p-i-n junctions where the i-layer is
made of undoped a-SiN:H. Some technical data on the device fabrication

technologies, device structure, LED characteristics and carrier injection mechanism



are presented. The discussion will be done on the connection between the carrier -
injection mechanism and electroluminescent characteristics. A particular emphasis
has been placed on the dependence of these characteristics on the material properties

and the thickness of the i-a-SiN:H layer [13-17].

3.2 Structural properties of a-SiN:H film .
ﬁl tents in a-SiN:H Film by Infrared

i :&ﬁlms were prepared by the glow

3.2.1 Measurement of Hyd

-

Absorption Spectra”

Amorphous sili

discharge plasma CV pter 2. The typical preparation

conditions for undoped a-SilN':H axe arized i Table 3.1

watt (13.56 MHz)
90 °C

1.0 Torr

30 - 70 cc/min

0 - 70 cc/min

1.5 micron

High resistivity,single-crystalline Si wafers were used as the substrates for IR

absorption mﬂu%&}swwt%%w&}aﬁﬁe&ned because of their

low oxygen vc‘yntents, although the more wkgly-available g'z,ochralski-grown Si
wafer@%&}eﬁb@ ﬂ Wu’l}@nﬂ E*e’f}lalﬁ of the substrates
was ab(ﬂlt 400 micron. The size of the substrate was about 1.0 x 1.0 cm’.

Figure 3.1 shows an example of the room temperature infrared transmittance -
spectrum for undoped a-SiN:H film prepared at NH,/(SiH, + NH;) gas ratio x = 0.71.
The absorption peaks are observed at around the 850 1/cm due to Si-N asymmetric
stretching vibration mode, and at around 2100 1/cm and 3350 1/cm due to Si-H

stretching and N-H stretching modes, respectively. Figure 3.2 shows the contents of
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Figure 3.1 Infrared trads ice spedtrum for a-SiN'H film prepared at NH; / (SiH,
+ NHs) #atig -
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Figure 3.2 Contents of Si-H bonds derived from stretching and wagging modes and
content of N-H bonds derived from stretching mode as a function of the

ammonia gas fraction x.
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Si-H bonds derived from stretching and wagging modes and content of N-H bonds
derived from stretching mode as a function of the ammonia gas fraction x. The

content of the H-bonded with N (Ny.y (1/cm3)) was calculated from the formula :

4 J‘a(w)

NNH

(3.1)

where A4: proportnonalxty consta

a: absorption coe
—

@. wave num / .
and @,: wavenum

The data for

discrepancy is prob‘&ly caused by a chan ator strength of the Si-H

stretching vibration
It is useful to &luate '

obtain the information ©nsthe N contenty s Figure 3.3 shows the infrared optical

awsorpton <3SN IH] BNNS W AR e » functon o e

ammonia gas &'actlon x = NH;/(8iH, + NH Figure 3.4 hows the infrared

s ARG PR v e

ammonid gas fraction x = NH;/(SiH, + NHj;). It is found that as the NH; gas fraction

oefﬁcie@for Si-N .vibration in order to

increases, the absorption coefficients of Si-N, Si-H and N-H modes increase. This
implies that as the NH; gas fraction increases, a larger number of N atoms will be
involved into the film. It should be noted that these films also contain hydrogen
atoms of about 20 - 30 % at atomic number. The increase in the number of N atoms

should effect in the enlarging of the optical energy gap of a-SiN:H [16].
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Figure 3.4 Infrared optical absorption coefficient spectra for undoped a-SiN:H.



3.2.2 Measurement of Dangling Bond Density in a-SiN:H Films by Electron Spin
Resonance (ESR)
Electron spin resonance (ESR) is one of the few experiments which give
structural information about defects. When a quantum state is occupied by a single
electron, the two states of the Pauli pair are normally degenerated, but are split by a

magnetic field. Paramagnetic and ESR are the result of the transitions between the

split energy levels. The transitio at microwave frequencies for the usual
magnetic fields. The stren 0@ bsorptlon gives the density of the
&SR‘SpMS information about the local

ble to detect about 10" spins

paramagnetic electrons
bonding structure. T
and well suited for the

A few of stu :H [19]. The purpose of this

study is to use ESR i 1 ies and the film quality of

In this work, se les with different gas fractions
were prepared. Figure 3 ) ample of the ESR spectrum for undoped
a-SiN:H prepared at the gasﬁ% NH;/(SiHy + NH3) = 0.5. Figure 3.6

o’
-"""'..-' e

summarizes the ESlﬁypm density as monia gas fraction (x). It is

found that the spin ‘._(;, ity of a-SiN:H i 110'? 1/cm® to 10'® 1/cm®, when
the ammonia gas frac@n X 1ncrea Y o m
Figure 3.7 shows,the g-value of a-SiN:H as a function of the ammonia gas

fhantion {6 ﬂhuﬂ@ Mirded W@w&ﬁ%ﬂ(ﬁas with Shoremiing e

ammonia gas fr‘vctlon from O to 0. 1 This varlatlon might be du o the interaction of
SR 1 1717111218 8

The change of the g-value of the ESR signal can be explained in terms of the
following model [6]. For simplicity, as shown in Fig. 3.8, let us assume two typical
types of dangling bonds with three nearest-neighbor Si atoms, giving g = 2.0055
typical values for a-Si:H (a). The other is a Si dangling bond with three nearest-
neighbor N atoms, giving g = 2.0030 typical values for a-SiN:H (b). As shown in Fig.

3.6, the spin density of Si dangling bonds increases with an ammonia gas fraction,
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Figure 3.6 ESR spin density as a function of the ammonia gas fraction (x).
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Figure 3.8 Two typical dangling bonds (D.B.) at different sites {6].
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indicating that incorporation of N atoms with the covalent radius shorter than that for
Si atoms induces stress in the amorphous network [20]. However, the bonding of H
atoms to N atoms as shown in Fig. 3.8 (b) reduces the stress induced by N atoms,
owing to the increase in the structural flexibility, resulting in a decrease in the density
of Si dangling bonds with nearest-neighbor N atoms. Based on this model, the ratio

of the density of dangling bonds of type (b) to that of Si dangling bonds of type (a)

decreases with increasing N-H ato leading to the increase in the g-value
Although the spin de ‘ dobed a-SiN:H is as high as 10'’-10'®
1/cm’, the undoped a—Si@ i s WOtk has good enough electronic quality

to be used as the lumi 5 ‘ i '%will be shown in section 3.4-
3.7 -

properties of the materials can T cd by controlling the film compositions.
Therefore, it is posil.gle to vga-‘r):f;{hegc;gu ;:f a-SiN:H in a wide range.
This property mat : “well v : { the visible-light emitting
device. 1 D m

In this section, tbe esults of the study on the optical absorption spectra near
band edges foﬁja% %’ﬁ %)lrﬁ‘ %ng&Jt@ﬂ %ﬂents are presented and
discussed.

DHRYE ST ¥ By E*l“ near the

fundamental band edge for a-SiN:H. The parameter is the ammonia gas fraction x =
NH;/(SiH,+NH;). It is found that as the ammonia gas fraction increases, not only the
opﬁcal energy gap shifts to higher energy but also the magnitude of the absorption
coefficient at the energy region below the exponential tail drastically increases. As
will be shown in section 3.3.2, the luminescence in the a-SiN:H arises from the

radiative recombination of carriers through the deep localized states below the
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Figure 3.10 Tauc’s plot for the determination of the optical energy gap of a-SiN:H.
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exponential tails. Therefore it is expected that the deep localized states will be useful
to the luminescence.

Figure 3.10 shows Tauc plots for the determination of the optical energy gap
of a-SiN:H. In the figure, the data are plotted in a straight line in an appropriate
energy range. The extrapolation of the straight line to the energy axis gives the
optical energy gap. It is found in Fig. 3.10 that as the ammonia gas fraction increases,

endence of the optical energy gap on the

Figure 3.11 shom i séhe ammonia gas fraction and the
| — " e ——

optical energy gap of

the optical energy gap increases,

+optical energy gap of undoped

/2

a-SiN:H was determi vs (hv). The optical energy

gap of a-SiN:H inc to more than 3.09 eV with

increasing the ammoni The data in Fig. 3.11 will be

Figure 3.12 shows value and the fraction of ammonia
;"S‘.:J: wi
gas (x). The B-value decreasé'S-as:ﬂ':e of ammonia gas x increases. This is
TN :
due to a larger poter:ﬂal ﬂuctuatmﬁl ca‘s d orpgration of nitrogen atoms into
the a-SiN:H netwo S orption coefficient spectra

just around the ener@ gap pution ﬁ tail states, especially in the

valence band side.

UL INENINING

3.3.2 Photolufiiinescence (PL) of ‘a -SiN:H Fllms

RTRIN IO AN e
recombiation mechanisms and the localized states within the band gap of a
semiconductor. It is particularly applicable to amorphous semiconductors with high
densities of localized states [21-23]. It has been shown that there is an inverse
correlation between luminescent intensity and electron spin resonance (ESR) spin
density in a-Si:H [24-25]. In a luminescent process, electron-hole pairs are first

excited, usually by externally injected photons (photoluminescence) or charge carriers
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(electroluminescence). Electron-hole pairs then relax downward in energy (called
thermalization) and eventually (in about 10 second) end up in band-edge localized
states. Finally, they recombine either radiatively (luminescence) or nonradiatively
(energy converted to heat). Dangling bonds and defects are predominant nonradiative
recombination centers. By studying the relaxation process and intensity and spectral
distributions of the radiated signal, one can obtain detailed information about nature
of defects states [26].

Photoluminescent (PL %“’ ;—Si:H usually start at liquid helium

temperature of about 4 K L,Jlgn s due to reductions in Auger

‘ trol -ho ‘-.-"s""ﬁe PL intensity reaches a peak at

50 to 100 K (dependi .‘ ith temperature. There is no
detectable PL signal® i ‘¥, at. \ te}g{ ure because most of the
photogenerated char _ m bine tli‘q.‘lefects rather than from band

recombinations of nei

“tail to band tail. ¢ ar o C rvable PL peaks in a-Si:H a
dominant peak near 1.4 néar 0.9 eV. The 1.4 eV peak is
identified as a radiative tungelir i band-tail states. The 0.9 eV peak
seems to originate from recon; = h defect states [22]. The interest in the

T S—— ——— e e 1 B
-

emission is almost 1nae infrared region U
Our interest in @u&lwork is to explore a visible light emitting diode, so we

need a w1derwgg Qt%lﬂ %%W gf}iﬂ §s wide gap amorphous

semiconductoris a-SiN: H, which Jvas first pregred by Anderv and Spear [2] and
5 R RTRITTTER N ATV el 121 1
the design and fabrication of a visible-light thin film LED, it is important to know the
basic properties of photoluminescence of wide gap a-SiN:H. The photoluminescence
is also useful for the explanation of the electroluminesent characteristics of the
amorphous TFLED.

In this section, the photoluminescent (PL) properties of undoped a-SiN:H

having a wide range of optical energy gap from 2.07 eV to more than 3.09 eV are



presented. The results of the examinations of the dependence of PL on the excitation

energy are also described and discussed.

3.3.2.1 Dependence of PL Spectra on Optical Energy Gap

Undoped a-SiN:H films were prepared by the RF glow discharge plasma CVD
methed from a mixture of silane and ammonia gases. The optical energy gap was
varied from 2.07 eV to 3.09 .
(SiH4+NH;). Photoluminesc ~ v ere carried out at room temperature
using a 3250 A He-Cd la‘sm‘??}xcitgionm

Figure 3.13 sh .
undoped a-SiN:H. T

ing the ammonia gas fraction (NH;/

asured at room temperature of
gap of undoped a-SiN:H. The

optical energy gap nia gas fraction. The PL

spectrum shows a sin of the PL can be controlled

from red to green by adjiisti ical S p from 2.07 eV to about 3.09 eV.

The spectra shift toward creasing the optical energy gap.

At the same time the e broader, implying increased

composmonal fluctuations or anﬁn Ctron-phonon interaction.

..--ﬂ',,.-"' ‘,.-#‘ “"{-

Figure 3. ILﬂ summarizes

photoluminescent spéetra on f{l

f0r jJundoped a-SiN:H. It was
observed that the PLBeal; energy

a2 good ge-to-one correlation with the
optical energy gap (E,,)¢ It should be notgd, that the PL peak energy usually shows a

sk st tfl] SO VIR WH T RISl encey . The

stokes shift mght be caused by ghe dlstortlon of lattices i art and/or by the
QR 15 o D 4 e

The relationship between NH; gas fraction and optical energy gap and PL peak
energy for a-SiN:H are summarized in Fig. 3.15. It is likely that as the optical gap
increases; the value of E,, - Ep. -and the full width of PL spectrum become larger.
This might imply that as the nitrogen content increases, the distribution of the
radiative recombination centers becomes broader and deeper within the gap. The

distribution of the radiative recombination centers in the gap can be further examined
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(Ex) for a-SiN:H having the optical energy gap of 2.50 eV.
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by changing the excitation energy for PL measurement and this will be described in

the next section.

3.3.2.2 Excitation Energy Dependence of PL Spectra

The photoluminescent process is generally considered as comprising three
distinct events in sequences. First, an electron-hole pair is excited by the absorption
of a photon. Second, the electron ax down in energy by emitting a series
of photon (thermalization), p in band-edge localized states.

Finally, there is reco

mechanisms. 7 ‘
The process ofisther

feature of amorpho

at1ve or by some nonradiative

he band tails is a characteristic

luminescent properties will

depend in part on ho : ie . ) nfo.the band tails. Several features of
the luminescence exhib & : tion. It can be seen, for example
in the excitation energy Mepenidence or time resolved spectra. The
excitation energy dependence oflﬁf'# :H has been reported by a number of

spectra of a-SiN: H
The excitation 11g gatirg this dependence were the
combination of cw 325Q.A 4420 A, He-Cd lasers, cw 4880 A Ar laser, cw 6328 A

L rp ety S

- temperature depéndence of the PL °spectra on the excitation eng:%y (E,) for a-SiN:H
AR £ 19 VYRR ot o
temperature. As the excitation photon energy is decreased from 3.39 eV to 1.96 eV,
the PL spectra shift to lower energy and the photoluminescent colors change from
- yellow to red.
Figure 3.17 summarizes the room temperature dependence of the PL peak
energy on the excitation energy for various a-SiN:H. The optical energy gaps of

a-SiN:H are 2.14 eV, 2.37 eV, 2.50 eV and 2.90 eV, respectively. As the excitation
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Figure 3.18 Schematic illustrations of (a) the density of states of a-SiN:H and (b) the

excitation and recombination processes in a-SiN:H.



photon energy (E,) is increased, the PL peak energy (Ep.) seems to saturate when the
excitation photon energy exceeds the corresponding optical energy gap (E,)-

The shift of the PL spectra observed in the case of the below-gap excitation
might be understood in the same way as in ajSi:H [27-29], in term of a memory effect
of the initial state of photo-excited carrier. Figure 3.18 show the schematic
illustration of (a) the density of states of a-SiN:H and (b) the excitation and

recombination processes in a-SiN

en the excitation photon energy is lower
than the optical gap (E, < E ! ers are excited into deep localized

states in the gap. In thlS f the photo-excited carrier up to

tl}jrm

conduction or valence baié transition retains a memory of

can also be seen in time- resolvta‘_ﬁ.nn : pectra [30]. The luminescence shifts
LA Y A : .
to low energy with Screasmg"tlmé delay; J”J. this been interpreted in terms of

thermalization of cariiers:—fhe-fumine: scence decay ur or a-SiC:H has been found

to be about 200 psecmfi()]‘ oﬂa—Si:H, which ranges from 1
microsec to 1 msec [31]3 This observatlon is consistent with temperature-insensitive

and efficient ﬁ\ uﬁaﬁj % Ej ln % WIE]*’TW excited electrons and

holes are more fightly bound at the ex01ted posmon and in deeper band-tail states than
in a-SngI WIC] Qcﬂ ?m ﬁm ?ﬂ‘ﬁfﬁ ﬁ g fast-response
light emufting dloﬁ

The above observation on the excitation energy dependence of PL spectra
provides important information for the discussion on the injection-
electroluminescence properties of p-i-n junctions TFLED, as will be described in

detail in section 3.6.
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3.3.2.3 Effect of External Applied Electric Field on the PL Properties

The photoluminescent properties of amorphous semiconductors are influenced
by external perturbation during the measurements, such as temperature, electric field,
magnetic field, pressure, ect. The quenching of photoluminescent intensity by an
applied electric field of 10° V/cm or greater has been reported by a number of authors

[32-33]. The natural interpretation of the effect is the ionization of electron-hole pairs

by the electric field and a good ﬁ

The basic structure oﬂ%

this work is the p-i-n junc

e;Frenkel expression is found [34].
ﬁlm LED (TFLED) employed in

o,@hotmuoys In this chapter a-SiN:H is

used as the i-layer. LED is done by applying an

electric field in the fi cros the p-i-n layers. It will be pointed
fater in section 3.6 ‘the-a el ield will be dropped in the
i-a-SiN:H layer. Thi ‘
“electric field will decr N 10N | ility of the electron-hole pairs.
Therefore, it will be use st 0 | Sasi erties of the effect of the electric

field on the photoluminescefice

1',!-'
st

Figure 3.19 shows pﬁmi-

b S N

biasing electric ﬁelcjsjnd (b) w1th Bflasfﬁg elicm ﬁs shown in Fig.3.19 (b) the

electric field sepa ;f:-

recombination of eleczta)né-—én Lrj
Figure 3.20 s the dependence of photoluminescent efficiency on the

electric fiekd fﬁ w @h%psj ﬁn@%;ﬁ}f}rﬁ}@ a-SiN:H were 2.60 eV

and 2.31 eV. UThe sample confbguratlon used for the measurement was quartz
e @EBEHBAT DA § Y b o e
field applied in the experiment, no current was injected into the a-SiN:H layer. The
magnitude of PL intensity decreases down to about S0 % of the initial value as the
electric field is higher than 1.5 x 10° V/em. However, it is fortunate that the
quenching of the PL of a-SiN:H seems to be less than that of a-Si:H . The small
quenching of the PL seen in a-SiN:H is interpreted as a result of strong coulomb

interaction of electron-hole pair due to the small dielectric constant of a-SiN:H. The
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results of the experiment here suggest that in the viewpoint of the application of
a-SiN:H to TFLEDs, it is of great importance to design and fabricate the devices in

such a manner that the electric field in the i-layer should be as small as possible.

3.4 Structure and Fabrication of Thin Film Light Emitting Diode Having
a-SiN:H as a Luminescent Layer

3.4.1 Basic Structure of a-SiN:H

The a-SiN:H thin fil "'é,";;' it e (TFLED) proposed in this work has
a basic structure of g@ iC:Hy H/n-a-SiC:H/Al as illustrated in
Fig. 3.21 where (a) ﬁ—' 3

glass/ITO (Indium Ti

three dimensional view. A
» The thicknesses of the p-, i-
and n-layers are 150 ively. In the TFLED, the p-

and n-a-SiC:H layer: ctrons, respectively, into the

recombined in the i- la‘@ 2
Figure 3.22 ows  schematic gband diagrams ‘of p-a-SiC:H/i-a-SiN:H/

n-a-SiC:H heﬂou B q%@%ﬁhwﬂq fibhigin and (b) forward bias

conditions. Theé injection electro*umlnescence was observed when the diode was
o QYR GG P P A B o s
the i-layer has to be larger than 2.3 eV, as deduced from the results of the
photoluminescent data iﬁ section 3.3.2. While the optical energy gaps of the p- and
n-a-SiC:H layers should be chosen around 2.0 eV to ensure the effective valency

controllability to p- or n-type.



47

. na-SiC:H (500 A)

|—=— i a-SiN:H (200-1000 A)

d~—p a-SiC:H (150 A) (a)
\no (2000 A)

Glass Substrate

hv

ss Substrate
@ Blecirode (2000 A)

(b)

offan otph , FLED hav ng a-SiN:H as a luminescent

Q&\\\. ) 3 dimensional view.

Figure 3.21 Basic stfuct

na-SiC:H
(2.0eV)

iNEH
5eV)

(b) Forward Bias

Figure 3.22 Band diagrams of p-a-SiC:H/i-a-SiN:H/n-a-SiC:H heterojunction TFLED

in (a) thermal equilibrium and (b) forward bias conditions.
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In section 3.4.2, some experimental data on the preparation and doping of
p-a-SiC:H and n-a-SiC:H are described, and in section 3.4.3 fabrication process of the

a-SiN:H TFLED will be presented.

3.4.2 Preparation and Characterizations of p- and n-a-SiC:H Films for Carrier
Injection Layers
P- and n-type hydroge ‘ hous silicon carbide (a-SiC:H) were

prepared by a conventlon ma CVD system. SiH, and CH,

diluted with H, to 10 m-used s! gas-ﬁctmn-pr The substrate temperature (T)

was 190 °C and the rf pow: gas pressure during growing the

film was 1 torr. The de
0.40 A/sec.
Figure 3.23

-type a-SiC:H was about 0.20 to

e CH, gas fraction and the
optical energy gap for s fraction x increases from 0.2
to 0.8, the optical energy"

eV to 3.50 eV. However,

reases monotonically from 1.95
: it in a-SiC:H increases, the dangling
bond density increases ‘apid}YE@,i‘gq.
% efficiency as

“in the dangling bond density lead to the

decrease in the do ig. 3.24. Figure 3.24 shows

the dependence of rgy gap for p-type a-SiC:H.

The fermi level in th :H can be evaluate l‘ y the activation energy of the
In op vs 1/T plot as ﬂ e 32 s the dependence of the
dark on the ‘ﬁﬁg ﬁi‘ﬁgiﬁ e fermi level of p-type
a-SiC:H, havmg the optical energy gap around 28,t0 2.10 eV, are.approximately 0.3 -
0 e b e kb I ok B9 i, p- e
n-type a351C:H having the optical energy gaps constant at 2.0 eV were selected as the
carrier injection layers in TFLEDs.

B,H¢ and PH; (each diluted in H, , to 500 ppm) were used as dopant gas
sources. During growing the film, boron was acceptor and phosphine was donor in

the silicon alloy networks. The typical preparation conditions for p- and n- a-SiC:H

layers are summarized in Table 3.2.
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Figure 3.24 Dependence of the dark conductivity on the optical energy gap for p-type
a-SiC:H.
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Table 3.2 Typical preparation conditions of p- and n-type a-SiC:H.

RF Power 3-4 Watt, at 13.56 MHz
Substrate Temperature 190-200 °C

Total Gas Pressure 1 Torr

Gas for p a-SiC:H SiH, + CH, + B,H{

Gas for n a-SiC:H SiH,+ CH, + PH,4

Gas Dilution SiH4 10 % + H, 90 %

‘ CH,10% +H,90%
\ ’, H6 500 ppm in H,
OO ppm in H,
Doping Rati = 1H4+CH4) 6x107
WH:HO 6x107
3.4.3 Fabrication Process of a5 ‘,,' Hl ] \‘ ,
The fabricatigh précgss' ﬁ \ b

D is shown in Fig. 3.26.

The transparentd'1T ec (ofs J yas n ed by electron beam method.
After cleaning the glass/BTOfsubs c:: the st o\ e was put into the glow discharge
plasma CVD system for thg 210 wity of the iCiH, i-a-SiN:H and n-a-SiC:H layers,

respectively. The back Al ele rod s evaporated by a conventional heat resistive

vacuum evaporator.

v € |\ a
IR1ANN TR gguq(a%@ Tm——

Grow n-a-SiC:H Layer [«

Evaporate Aluminum Electrode

Figure 3.26 Fabrication processes of the a-SiN:H TFLED.
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The typical preparation conditions of TFLED are summarized in Table 3.3.

Table 3.3 Typical preparation conditions of a-SiN:H TFLED

Power Source C-Coupling, 13.56 MHz
RF Power 4 Watt
Substrate Temperature 190 °C

1.0 Torr.

V/// SiH,/CH,/B,H, = 1.5/3.5/0.03
¢:=i SiHy/NH; =6 ~ 10/3 ~ 4

n- ‘ ln-l -S1( H‘ AIHA;/CH‘;/PH:; =1.5/3.5/0. 03

CellAred” i) 33 - 5cm’

3.5 Basic Characteristie§ ¢ 45

The a-SiN:HATEFE] y this) Vo) w cture glass/ITO/p-a-SiC:H/
i-a-SiN:H/n-a-SiC:H/Al ind n-layers act as holes and
electrons injection layess, er acts as a luminescent active

layer. The TFLED will ¢ orwardly biased. In order to obtain a

visible luminescence, the Qp%g oy :gap of the emittiﬁg layer should be larger
than22eV. |

In section EDs, e.g., carrier injection

mechanism, electrolwninescent spectra, and the resw

s of the optimization of the
thickness of ﬂ' endence of the emission on the
frequency of tﬁ ﬁ *ﬁaﬂﬁﬁ mﬁi Ej) as also investigated and
discussed.
q RIR9NT 1NIINYIAY

35.1 Carrler Injection Mechanism in a-SiN:H TFLED

a-SiN:-H TFLED developed in this work has a structure of glass/ITO/
p-a-SiC:H/i-a-SiN:H/n-a-SiC:H/AL In order to show that the device exhibits a diode
characteristic, the relation between the current and the voltage was examined. The

semilogarithmic curves of current density (J) versus applied voltage (V) measured at

room temperature for the red and orange TFLEDs are shown in Fig. 3.27.
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Figure 3.27 shows room temperature J-V curves for two a-SiN:H TFLEDs. The
optical energy gaps of the i-a-SiN:H layer in the upper (red emission) and lower
(yellow) TFLEDs are 2.50 eV and 2.90 eV, respectively. A rectification ratio of more
than 10” is obtained at 8 V for the TFLED of which the optical energy gap of the
i-a-SiN:H layer is 2.50 eV. It is noted that when the optical energy gap of the i-layer
increases, the threshold voltage tends to increase. This might be partly due to the

increase of series resistance in th T’ :H layer itself and to the increase of the

notch barrier heights at both

The emission fro
higher than 10 A/cm?®
to be due to the field

: FI,;FD éﬁgewed when the current density is
d> ‘--Mty above 107 A/cm? is thought
‘ les and electrons through the -
notch barriers at p/i

Next, a brief di

P lg;_-,"."

1) If cameﬂ have hlghe the hanethe barrier height, they can

TFLED, this processBou lay ¢ ole sii& the barrier heights at the p/i

and i/n interfaces are Jmuc ch larger th e thermal energy of carriers at room

et F’T‘UEJ’WIEJWWEJ’]ﬂ‘ﬁ

2) AnGther process conmdgred here is a field-tunnelin through the barriers -
e R 6 ST I o s
the carri€rs to be injected into the i-layer.

Now, we will discuss on the field-tunneling process and show that the field-
tunneling injection dominates the current flow in the TFLEDs.

If a tunneling injection dominates the current flow, the junction current J is

expected to follow the expression of Flower-Nordheim ;
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Figure 3.27 Room tempegatu

The optical engr; Hiayer in the upper (red emission)

and lower (yello and 2.90 eV, respectively.
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Figure 3.28 Room temperature plot of log (J/V*) vs 1/V for a red a-SiN:H TFLED.
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. 3/2
J o« EzexJ /2’ (4,) ] (3.2)

L 3qhk

where E : the applied electric field across the i-layer in forward direction,

* ” .
m : the effective mass of carrier,

q : the electron charge,

h: hZ2rm
@p : the barrier hei [ clingewheresn the a-SiN:H p-i-n junction
corresponds to t I and diseontinuity (AL,) at the i/n (for

electrons) or t

With an ass
dicates that log (J/Vz) should
a plot of log (J/V?) vs 1/V for
the i-layer is 500 A.  The

through the i-layer of
have a linear dependenc
the red a-SiN:H TFLE
electroluminescence (EL) i fward voltage higher than about S V. In
this region, the plo (o . showing an evidence of the
tunneling injection process in

The barrier he - from the slope of the linear
plot according gj %:ﬂ ective mass is equal to
the free electr n ri‘?] gj ﬁ ﬂﬁrﬂ%i Fig. 3.28 is estimated
to be about 0. 26 eV. It is worth tofsay here thatsthis value is close to the conduction

vt bbb e T8 V30 8) BBlr i

measurement

t for tunneling can be evalua

What we learn from these results is that the dominant current across the
junctions arises from the injected electrons rather than holes. Hole current is
- considered to be only a minor component because the barrier height for holes to
tunnel (AE,) is larger than that for electrons by a factor of 2-3. However, since -

luminescence is based on radiative recombination of both electrons and holes injected



into the i-layer, the hole injection process will play a central role in determining the

EL properties, as will be discussed in the following section.

3.5.2 Electroluminescent (EL) Spectra
A series of a-SiN:H TFLEDs consisting of the i-layers with different optical

energy gaps has been fabricated. By changing the optical energy gap of the
luminescent active i-layer from.

! to 2.90 eV, we have succeeded in the
fabrication of red and yello %

peqra me H TFLEDs measured at room
iN:H layers are 2.50 eV (red

Figure 3.29 show;
temperature. The opti
emission) and 2.90 e as the nitrogen source gas in
rement is 800 mA/cm”. For
the TFLED of whic i energ 4 “is 2.50 eV, the EL spectrum

peaks at 1.80 eV (red gisgi hofall wi half maximum (FWHM) = 0.26

the i-layer. The fo

electroluminescence. from these“iﬁpl b
= B = e ;I-J =

) = - ,{' S
room. 4‘ V3

(Ego) on the NH; gas Bic{ion aris

ation o@'le i-layer. The corresponding
optical energy gap (E,,9 and the peak engrgy of the PL spectrum (Ep) of a-SiN:H

identical to thﬂ u @1@%@1?1@ w %}fﬂ(ﬂ@r comparison. It is seen

in Fig. 3.30 that the peak energies of EL spectra are, somewha ower than those of
the PLQ)%’P@ v@yﬂ«% mt%teﬁ%ﬁfrﬁﬁ}:ﬂ%})tlcal energy gap
is wider'than 2.90 eV.

In order to interpret why the peak energies of EL spectra are lower than those
of PL spectra, the excitation photon energy (E,) dependences of photoluminescence
spectra of undoped a-SiN:H film has been investigated. Figure 3.31 shows the PL
spectra excited by various excitation photon energies for undoped a-SiN:H film with

the optical energy gap E,, = 2.50 €V. For comparison, the EL spectrum (solid line)
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Figure 3.30 Dependence of the peak energy of EL spectra (Eg.) on the NH; gas
fraction during the preparation of the i-layer.
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Figure 3.31 PL spectra
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EM 4
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(b) Forward Bias

Figure 3.32 Schematic illustration of excitation energy E, of electron-hole pairs in

a-SiN:H.
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of a TFLED of which the optical energy gap of i-layer = 2.50 eV is also shown in the
figure. When E, is decreased, the PL spectra shifts towards the lower photon energy
region, and when E, = 2.20 eV, the PL spectrum almost exhibits the same line shape
as the EL spectrum. The shift of the PL spectra observed in the region at the below-
gap excitation might be understood in the same way as in a-Si:H [28] in terms of a

memory effect of the initial state of the photo-excited carriers as has been discussed in

details in section 3.3. ' ,/
The results obtamed Fig. 3.31 imply that the EL peak

t o@y wal energy gap of the i-layer but

s, that is the injection energy

photon energy would be

also by the excitation
It has been shown that the

the TFLEDs, and electrons

level of electrons an
tunneling injection p

are injected through ion band in the i-layer. In

contrast, holes are likel e deep tail-states of the valence

band edge of the e electrons via the tail-states before
they are thermalized into the va _'
s

For example, with the 85[@; ps of the p- and i-layers = 2.0 eV and

to

2.50 eV, the bamer’jelght for holes

energy E, of electronzhole pairs ¢ ;
eV. With the excitatiE)jl photon : .20 evmhe PL peak (Ep;) lies around
1.80 eV, being consistent.with the peak gnergy of the EL spectrum, as shown in

rgaa B U INBNTNYING

The restlits in this section syggest that if e can lmprova}he injection energy

o M S A P R B ot

improve'the EL intensity.

3.5.3 Relationship Between Brightaess and Current Injection Density of
a-SiN:H TFLED
Figure 3.33 shows relationship between the brightness (B) and the injection
current density (J) for the red and yellow a-SiN:H TFLEDs. The maximum



60

3
=}

E measured at 300K

&t

g B Eopt of i a-SiN:H layer in d(
Y I TFLED= s
v10" ®:250 eV //

®:290eV J ./

/! ELLOW
"
e,

LI llllll[

BRIGHTNESS
o‘
~N

’
- .
— .
e —

L\
#

i " TTrrr T
l

3,

H
;uI
|

B ANENTNEINg
AT AA RN

at 300 K

RELATIYE BRIGHTNESS (a.u.)
o D T 2

2
=0

200 400 600 800 1000
THICKNESS OF 1-LAYER (A)

(=]

Figure 3.34 Dependence of the EL intensity on the thickness of the i-a-SiN:H léyer for -
the red TFLEDs.
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brightness obtained was about 0.7-0.8 cd/m” at the current injection density of 2000-
3000 mA/cm®. The brightness (B) varies with the injection current density as B oc J" |
where the exponent » is close to unity. It was pointed out for the case of a-SiC:H
TFLED [35] that the exponent n was also unity and it-was interpreted that the
electroluminescent mechanism in the a-SiC:H TFLED was a classical monomolecular
recombination or tail-to-tail states recombination process. Since the band diagram of
a-SiN:H TFLED employed in this i sjmilar to that of a-SiC:H TFLED , it may
be plausible that the EL %IH TFLED should also be either a

classical monomolecular&matlgl orta

Another interesti bserves

l states recombination process.

TFLEDs in Fig. 3.33 is that the
brightness of the TE
TFLED with wide o 17) imental result for the a-SiN:H
TFLED in this work i ! O osite, di n of the case of the a-SiC:H
TFLED as discussed ind iters ugp \ ase of the a-SiN:H TFLED, it is

gap i-layer is higher than the

shown in section 3.2 tha > optical energy g content) of a-SiN:H increases,

the spin density increases. erefo * crease in the brightness of the a-SiN:H
should be due to the increase fﬁ-fhe_—s i ty of the i-layer. Another reason might
be due to the i 1ncreﬁ: in the nﬁtéﬁ%éﬁlér i e /i and i/n interfaces. This is
because as the nofelbarrier (S | ssary electric field for the

carrier to tunnel has ﬁbe 1 e hlﬂelecmc field will decrease the

probability of the reconkbmatlon of the i 1n3 cted carriers.

ﬁUEJ‘JVIEJWﬁWEﬂﬂ‘ﬁ

3.5.4 Optlmlﬁtlon of the Thlckn‘pss of 1-Layer

lw!ﬂr(a ﬂxﬁiﬂaﬂuﬁr i-layer (that is a
larger vplume oﬁdlatlve an centers) is required. Since the dominant
current across the a-SiN:H TFLED (p-a-SiC:H/i-a-SiN:H/n-a-SiC:H junctions) is a
tunneling current, a thick i-layer should generally limit the probability of tunneling
due to a lowering of the electric field for tunneling. The trade-off between these two

factors, then determines the thickness dependence of the EL intensity. In this section,
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a series of experimental data on the dependerce of EL intensity on the thickness of
i-layer as well as a simple theoretical analysis are described [17].

Figure 3.34 shows the dependence of the EL intensity on the thickness of
1-a-SiN:H layer for the red TFLEDs. The optical energy gap of the i-a-SiN:H layer
here is 2.50 eV. The thickness of the i-layer was changed from 200 A to 1000 A. The
current density for the measurement of the EL intensity was kept constant at 1200
omes maximum at the thickness of about

ization of thickness of the i-layer

\

are described in appendi
Figure 3.35

thicknesses of the i-1

1000 A. It is found

SIN:H TFLEDs with different
B as changed from 500 A to
as the thickness of the i-layer
increases. And what j Prestir ickness increases twice from
500A to 10004, the thr : cased) ctor of 4 from 5 Vto 20 V. If

the current transport in t 18 st 1ply dominated by the series resistance of the

A

i-layer, the threshold voltage s sxpeeted to increase by a factor of 2.

[J lx_

ensity of the TFLED with the
an that ch the thickness of the i-layer

AUSINYNTNYINS

355 Dependesﬁ'ce of EL Intensity.on the Frqu.ency-Modula

BRI HVAON IV i fdon st pracica

displays)] the frequency response is one of the important characteristics. The

thickness of the i-layeB)f 100¢
of 500A.

frequency response is basically determined by the diffusion capacitance, carrier
lifetime, the depletion layer’s capacitance and differential resistance [36].
In this work, an investigation has been done on the dependence of the EL

intensity of the a-SiN:H TFLED on the frequency modulation.
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Figure 3.36 shows the typical light output waveform response to an input
square-wave current pulse for the p-a-SiC:H/i-a-SiN:H/n-a-SiC:H junction yellow
TFLED. In the measurement, the duty cycle of the current pulse was 50 % and the
modulation current amplitude was kept constant. (The rms value of current was set at
666 mA/cm” for the area = 0.033 cm®). It is found that the rise time and fall time of

the light output signal are of the order of several microsecond.

Figure 3.37 shows the of the EL intensity on the modulation

frequency in the of 100 H show that the EL intensity is almost

constant even though t
If it is general

that the EL intensity drog it low frequen y value [36], that is:

Then we get:

Here 7 Radiative reoﬂnbl
If we assume ﬂn the cut-off fr eqyency Ie of the a-SiN:H TFLED is in the

ogeos i B S8 @w QYA ieime of the ijeed

carriers appear%lto be the order of &0 o sec,. This value is aller than the carrier
@ AREPRE 0117112711718 8

The fact that the intensity of the light output does.not decrease even at the
frequency of 1 MHz indicates that the a-SiN:H TFLED can be operated and scanned
up to such a high frequency. In general displays, the frequency of scanning signal is
the order of kHz. Therefore, it is confirmed in this section that the a-SiN:H TFLED

satisfies this requirement [17].
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3.6 Fabrication of a-SiN:H TFLED Display

It was described in section 3.5 that the a-SiN:H TFLED has been developed
for the first time. The operation voltage was as low as 5-10 V, which is much lower
than the case of intrinsic EL type displays. The color of the a-SiN:H TFLED can be
changed from red to yellow by varying the optical energy gap of the i-a-SiN:H layer.

The brightness was about 0.7-0.8 cd/cm’. The pattern of the emission described so far

was simple circle and rectangle 0of 0.033-0.15 cm”. In order to use the

a-SiN:H TFLED as a displ )splay the emission with any desired
pattern of the picture. — iy

In this section, -SiN:H TFLED display will be

described. The emit ED display can be classified

into two types as fol

3.6.1 a-SiN:H TFLED with |
The a-SiN:H TELED that emits the light with a desired fixed pattern was

fabricated. ﬂ ui&g}%ﬂswgawﬁﬂ&\g}:@em flowing across the

sample. The a&‘xal designs are shown in Figureg.38 (@) - (c). 'Y

00 B B R SRR E R e o e
electrodg. First; the ITO transparent front electrode was evaporated onto the whole
area of the glass substrate. Second, the amorphous p-i-n layers were deposited onto
the whole area of the giass substrate. The optimal thicknesses of the p-i-n layers were
150 A, 500 A and 500 A, respectively. Finally the Al rear electrodes with specified

pattern are deposited onto the amorphous p-i-n layers. The emission was observed at
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Figure 3.38 Design rules for fixed emitting patterns of a-SiN:H TFLED.

(a) The emitting pattern is determined by the pattern of the Al electrode.

(b) The emitting pattern is determined by the pattern of the ITO
electrode.

(c) The emitting pattern is determined by the pattern of the insulating

layer inserted in the device.
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the crossing area of the front ard rear electrodes. This pattern of the Al electrode was
made through the stainless steel mask.

In Fig. 3.38 (b), the emitting pattern was determined by the pattern of the ITO
electrode. Firstly, the ITO transparent front electrode with the specified pattern was
evaporated onto the glass substrate. Next the amorphous p-i-n layers and the Al

electrode, respectively, were deposited onto the whole area of the glass substrate. The

emission was observed at the cr f the front and rear electrodes. The ITO
front electrode pattern was %ainless stee] mask or by etching
technique. The acid for$ % Hm + water.

In Fig.3.38 (c), theeefutling pat ermined by the pattern of the

insulating layer inserfed iaf6 to/devi e of the 2 vantages of this technique was

that complicated and iselated/pater uld be realized. The materials of the
@H, a-SiN:H, Y,0;. The

werful in this technique. The

insulating layer
photolithography and Jift0ff tec]infq
emitting pattern was obsgrve af." tggqxg _J ‘re the insulating layer does not exist.

In this work, we s

above mentioned.

3.6.1.1 Determin f Fixec Electrodes
Figure 3.39 Q)ws the pic metal maslmfor the evaporation of Al rear
electrodes.

Flgurﬂ 4! &VC.] o iy ﬁtﬁﬂ oSN H{TFREDs before emitiing the

light. The patterns of circles and r¢ctangular wete due to the Ad electrodes deposited
o R AR T IR1INY1A Y

1gure 3.41 shows the pictures of the actual emissions of circle red, yellow
and white-blue a-SiN:H TFLEDs. The diameter of the circle is 2 mm. The optical
energy gaps of the i-a-SiN:H TFLEDs are 2.50, 2.80 and 3.60 eV, respectively. The

injection current density in the pictures is 150 mA/cm®.
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~

Figure 3.40 Photographs oﬁhe a-Sﬂ’S!:H TELEDs before emitting the light.

Jf j:

Figure 3.41 Photographs of the actual emissions of circle red, yellow and white-blue
a-SiN:H TFLEDs. The diameter of the circle is 2 mm. The optical
energy gaps of the i-a-SiN:H TFLEDs are 2.50. 2.80 and 3.60 eV.

respectively. The injection current density is 150 mA/cm’.
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Figure 3.42 Fabrication process of the ITO electrode with a desired pattern for using

in a visible-light amorphous TFLED.



(b)

Figure 3.43 Photograph of the actual emission from the a-SiN:H TFLED, (a) before

emit the light and (b) during emitting white-blue color light. The
emitting pattern of the alphabet “a-SIN” was determined by the ITO

electrodes. The height of emitting pattern is 6 mm.



3.6.1.2 Determination of Fixed Emitting Pattern by ITO Electrodes

Figure 3.42 shows the fabrication processes of a desired ITO pattern of
a-SiN:H TFLED. The ITO transparent film was evaporated onto the whole area of the
glass substrate and the pattern of the ITO was determined by using photolithography
and etching techniques.

Figure 3.43 shows the pictures of the actual emission from the a-SiN:H
TFLED (a) before emit the light. ’ ring emitting white-blue color light. The
emitting pattern of the alphab@! W/ﬁprmed by the ITO electrodes. The
height of emission patter@ 9 —

7. |
3.7 Summary :

A series of e

eI ) N
optical energy gap., She PL peak ener y is mlﬁ ler than the optical energy
and also shows a stio o dependence on tatidn photon energy when the

excitation energy is IGB than the of oy gap. ﬂwse results suggests that the

radiative recombination process involves localized states which are widely distributed

swithin: fhie gaﬂ ToisProint @fes arl/imporia frsighf in inderstanding the basic

properties the a“8iN:H TFLEDs. p - Y
TRV T U RN PRIy Boven o be vt
as the liminescent active layer in the visible-light thin film light emitting diode
(TFLED). A visible-light TFLED with a-SiN:H active i-layer has been developed for
the first time. The device structure is glass/ITO/p-a-SiC:H/i-a-SiN:H/n-a-SiN.H/AL.
The emission color can be varied from red to yellow by adjusting the optical energy
gap of the i-a-SiN:H layer. In order to obtain a visible light emission, the optical

energy gap of the i-layer has to be larger than 2.5 eV, while the optical energy gaps of
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the p- and n-layer are kept constant around 2.0 eV to ensure the valency
controllability.

A systematic study on the carrier injection mechanism and EL property in this
kind of heterojunction TFLEDs has been done. The result has revealed that the carrier
injection mechanism in the a-SiN:H TFLED is based upon the tunneling injections of

holes and electrons from the small gap p- and n-layers into the wide gap i-layer

through the notch barriers at the p/ijand i/nsheterointerfaces. ‘Based upon this analysis,
a simple optimization of the -iiN'H layer has been done. At the
present stage the brightnéss e . ainedyso out 0.7-0.8 cd/m>. The external

luminescence efficiencysi ¢ the order: 07 %.

An investigati nCy ; dula characteristic revealed that the
ven the frequency of the input
f the a-SiN:H TFLED satisfies

the requirement for the aitili s 2 dis ich is generally operated in a pulse

Finally some uniqu --" ication of a-SiN:H TFLED as flat panel
displays have been proposed and-de:
7 _,.,.-..W' LA 2/

a-SiN:H TFLED displa 1 .
Vi il A

B )
ﬂ‘lJEI’WlWl‘ﬁWMﬂ‘i

QW?ﬂ\ﬂﬂiﬂJ UAAINYA Y

d. The yellowish orange and white-blue

;2_have been demonstrated.
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