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Abstract-In order to improve the performance of hydro- 
genated amorphous-silicon carbide (a-SiC:H) p-i-n thin-film 
light-emitting diodes (TFLED’s), a p-i-n TFLED with a graded 
p-i junction has been proposed and fabricated. The electrolumi- 
nescence (EL) intensity of the proposed TFLED was more than 
100 times higher than that of the basic p-i-n TFLED and about 
35 times lower than that of the conventional green LED, at the 
same injection current density. This significant improvement 
was attributed to the better interface property and enhancement 
of hole injection efficiency by using the graded-gap p-i junction. 
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I. INTRODUCTION 
E development of a-SiC:H p-i-n TFLED has made T” noticeable progress in recent years [1]-[5]. It has 

several advantages as compared to the crystal LED, such 
as accessibility to large-area flat-panel displays, tunable 
color by using integrated multilayer structures, and lower 
cost. However, to meet the requirements of practical 
applications, it needs performance improvements, includ- 
ing the increase of electroluminescence (EL) intensity and 
the enhanced emission of light with shorter wavelength 
(green to blue). The graded-gap p-i interface was em- 
ployed in this study to improve its EL intensity. 

11. DEVICE FABRICATION AND OPERATION 

The employed substrate was indium-tin-oxide (ITO) 
coated Corning 7059 glass. After the standard cleaning 
process, it was put into the ULVAC CPD-1108D plasma- 
enhanced chemical vapor deposition (PECVD) system. In 
order to reduce the contact resistance between the I T 0  
electrode and the p-type a-SiC:H layer, the CF,-O, 
plasma dry-etching pretreatment was used to bombard the 
I T 0  film before the deposition of the p-type a-SiC:H layer 
141, [61. 

The schematic cross section of the proposed a-SiC:H 
TFLED is shown in Fig. l(a). Its graded-gap p-i junction 
was achieved by terminating the B,H, dopant during 
continuous deposition of a-SiC:H films. As shown in the 
figure, the thickness of the graded region was approxi- 
mately equal to 30 A as estimated by using the equilib- 
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Fig. 1. (a) Schematic cross section of the graded-gap a-SiC:H p-i-n 
TFLED and (b) its schematic energy band diagram under forward bias. 

rium mass-transport continuity equation [7]. The deposi- 
tion conditions for various layers of the graded-gap a- 
SiC:H TFLED are summarized in Table I. Finally, the 
5000-A AI top electrode with a circular area of 1.41 X 
lop2  cm2 was deposited by employing thermal evapora- 
tion through a metal mask. 

Fig. l(b) shows the schematic energy-band diagram 
under forward bias for this fabricated TFLED. The opti- 
cal gap of the doped layers is limited to 2.0 eV due to the 
valence-electron controllability [8], and the optical gap of 
the employed intrinsic layer is 2.8 eV 171. So, the proposed 
graded-gap p-i junction could be used to minimize the 
effect of notch barrier height on hole transport, since the 
current transport of the p-i-n a-SiC:H TFLED is deter- 
mined by the carriers tunneling through triangular barri- 
ers at the p-i and i-n interfaces and the emission of light is 
mainly based on the radiative recombination in the i-layer 
191. The trapping centers at the previously used step p-i 
interface, resulting from the interruption of R F  power 
during the depositions of device’s layers, degrade the EL 
intensity due to the nonradiative recombination. The 
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60 I I TABLE I 
DEPOSITION CONDITIONS FOR VARIOUS LAYERS OF a-SiC:H 

GRADED-GAP p-i-n TFLED 

Flow-rate ratio Pressure RF power Deposition rate 
Layer (sccm) (torr) (W) (A/S)  

p SiH::C,H,:B,H~ 

i SiH,:C,H, = 200:6 0.3 20 1.25 
n SiH,:CH,:PH: 

= 200:6:38 0.3 20 1.6 

= 200:8:72 1.0 35 1.4 

Substrate temperature: 180°C 
1: 96% H, + 4%SiH, 
2: 99% H, + l%B,H, 
3: 99% H, + 1%PH, 
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Fig. 2. The relationships of EL intensity and injection current density 
versus applied voltage for the graded-gap a-SiC:H p-i-n TFLED (solid 
lines). The calculated thermionic current Jlh under low bias and elec- 
tron tunneling current J, ,  under high bias are also indicated (dashed 
lines). 

graded-gap p-i junction could be employed to obtain a 
better interface property by continuous deposition process 
using C 2 H 2  as the carbon source. 

111. EXPERIMENTAL RESULTS 
Fig. 2 shows the relationships of EL intensity and 

injection current density versus applied voltage for the 
graded-gap a-SiC:H p-i-n TFLED. As can be seen, the 
tunneling current occurs at an applied voltage equal to 27 
V where the EL intensity begins to increase. This tunnel- 
ing phenomenon was checked by the linear log(J/V') 
versus (1/V) relationship for V 2 27 V following the 
Fowler-Nordheim formula [5], [9], [lo], where J is the 
current density and I/ is the applied voltage. The calcu- 
lated results (dashed-line) are also shown in this figure. 
The injection current is dominated by the thermionic 
emission current Jth under low bias, but the electron 
tunneling current J,,  dominates the current flow when 
the applied voltage exceeds 27 V. Because the valence- 
band discontinuity A E, (0.56 eV) is about 3 times larger 
than conduction-band discontinuity A E, (0.18 eV) [91, the 
hole tunneling current is relatively very small under de- 
vice operation voltage range. However, since the lumines- 
cence process is based on the radiative recombination of 
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Fig. 3. EL spectrum of graded-gap a-SiC:H p-i-n TFLED. 

electrons and holes injected into the i-layer, the hole 
injection efficiency should determine the EL intensity [4]. 
Therefore, enhancement of the hole tunneling current 
will obtain a higher EL intensity. In the graded-gap p-i 
structure, the effective barrier height at the p-i junction is 
lower than that of the abrupt p-i junction. So the injection 
efficiency of the hole can be improved, and hence it 
results in an increase of EL intensity. 

Fig. 3 shows the EL spectrum of the graded-gap a-SiC:H 
p-i-n TFLED under a pulse voltage bias (0-30 V, 200 Hz, 
50% duty cycle), measured by using a monochrometer 
(ORIEL 772001, a photomultiplier (ORIEL 7070), and a 
lock-in amplifier. The peak of the EL spectrum is located 
at 745 nm, which is in the red-light region. It shows a 
red-orange color experimentally. It is also evident that 
about one-half of the EL emission lays in the infrared 
region and cannot be observed by the naked eye. If the 
peak of the EL spectrum was moved to a shorter wave- 
length by increasing the carbon content of the i-layer, the 
EL spectrum could be blue-shifted further [9]. The abrupt 
p-i-n TFLED shows a red color (peak is around 750 nm 
and FWHM is about 190 nm) while the hot-carrier tunnel- 
ing injection (HTI) TFLED shows an orange one (peak is 
around 700 nm and FWHM is about 200 nm) [6]. The HTI 
structure is achieved by inserting the thin (100 A) higher 
gap a-SiC:H layers at the p-i and i-n interfaces to improve 
the luminosity of the TFLED by enhancing the injection 
efficiencies of electrons and holes [51, [61. 

Fig. 4 shows a summary of the EL intensities of the 
a-SiC:H p-i-n TFLED, HTI TFLED [6], graded-gap p-i-n 
TFLED, and conventional green LED. The EL intensity 
of the TFLED was measured by placing the TFLED in 
front of a photomultiplier (ORIEL 7070) driven by a HP 
4145B semiconductor parameter analyzer. As can be seen 
from the figure, the EL intensity of the graded-gap TFLED 
is more than 100 times ( -  28/0.28 at 100 mA/cm2) 
higher than that of the abrupt p-i-n TFLED and about 35 
times ( - 1000/28 at 100 mA/cm2) lower than that of the 
conventional green LED (with a device area of 2.5 X lop3 
cm2) under the same injection current density ranging 
from 100 to 1000 mA/cm2. 

It was also found that the graded-gap TFLED's showed 
a stable light emission even under a continuous dc bias, 
but the abrupt-gap one was burned out occasionally. 
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Fig. 4. The log-log plot of EL intensities versus injection current 
density for a-SiC:H p-i-n TFLED, HTI TFLED [6], graded-gap p-i-n 
TFLED, and conventional green LED. 

IV. CONCLUSION 
As an approach to improve the EL intensity of a SiC:H 

p-i-n TFLED, the graded-gap p-i junction was used to 
improve interface properties, hole injection efficiency, and 
EL intensity substantially. The reliability of a-SiC:H 
TFLED was improved as EL intensity was increased; this 
was because the heat-generating nonradiative recombina- 
tion of carriers deteriorated the reliability of the TFLED. 
Also, the color of emission light of the proposed TFLED 
could be modified by the content of carbon in the lumi- 
nescent a-SiC:H i-layer. By employing various technolo- 

gies, such as achievable high-performance films by elec- 
tron cyclotron resonance (ECR) CVD [7] to reduce the 
nonradiative recombination further, the practical applica- 
tion of a-SiC:H TFLED is foreseeable. 
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