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Abstract-We successfully combined porous silicon and amorphous silicon together to fabricate a 
light-emitting diode, whose emitting color was tunable with different applied voltage. When the applied 
voltage increased from 30 to 90 V, the emitting color of the device could change from red to blue. 0 1997 
Elsevier Science Ltd 

1. INTRODUCTION 

Crystalline Si (c-Si) has a very poor radiative 
recombination efficiency, since it has an indirect 
1.12 eV bandgap which corresponds to an infrared 
emission. In 1990, Canham[l] found a strong visible 
photoluminescence (PL) from porous silicon (PS). In 
1991, Lehmann and Gosele[2] observed an increment 
of the absorption edge by about 0.5 eV in PS as 
compared to that of bulk c-Si. Recently, many studies 
pointed out that PS-based devices had the potential 
to emit blue light[3-51. It was believed that the 
increase of the band gap of PS was due to the 
quantum confinement in the remaining silicon 
quantum wire. In Ref.[6], it was also pointed out that 
the PS had multiple energy states, due to the quantum 
confinement effect, oxidized Si, defect states of SiO*, 
interfacial interactions and surface states on the 
surface of PS, and these energy states might result 
in visible light emission. There were also a lot of 
papers[7-91 that suggested the electrons in PS could 
tunnel into SiO,, SiH,, etc. on the surface of PS, and 
the PS layer obtained from p-type c-Si wafer 
appeared to be a n-type one, because the holes in PS 
layer would recombine with HF- during anodization, 
and the quantity of holes in PS layer would decrease, 
this would make the surface of PS layer approach 
‘negative’. The ‘negative’ PS layer having multiple 
energy states could be a suitable material for 
fabricating light-emitting diode (LED) with tunable 
color. That is, if electrons could be injected into those 
multiple energy states with higher energy on the 
surface of PS layer and recombine with holes from 
p-type c-S& the PS layer would have the probability 
to emit light with a shorter wavelength. With these 
ideas, we combined porous silicon and amorphous 
silicon together to fabricate a LED. The fabricated 

device had a energy-band diagram with a potential 
well, that benefited the electrons from negative 
electrode to be injected into those higher energy states 
on the surface of PS layer. 

2. EXPERIMENTAL 

The schematic cross-section of the proposed 
PS-LED is shown in Fig. 1. The employed c-Si wafer 
(p on p+, [loo], 5-9 ohm-cm) was put into an E-gun 
evaporation system to deposit a 300 nm Al layer on 
its backside. Then the Si wafer was annealed at 300°C 
in N2 for 3 min to obtain a better ohmic contact 
between the Al and p+-Si substrate. The annealed Si 
wafer was then cut into 2 x 2 cm2 square, and the 
square was loaded into a vertical anodization 
apparatus to form the PS layer. The deposited Al on 
the backside of c-Si square served as the anode. A 
platinum sheet served as the cathode. A current 
density of 1.492 mA/cm* was applied for 5 min and 
the electrolyte was a I:2 mixture of HF (49%,,) and 
methanol. The PS sample had a thickness of 1.2 pm 
and a PL spectrum peaked at about 675 nm as 
measured with an argon laser. Then the n-, i- and 
p-type amorphous silicon (a-Si:H) layers were 
deposited onto the PS layer with a photo-CVD 
system (SAMCO, UVD-10). After the deposition of 
a-Si:H layers, Al (4 nm) and Au (12 nm) were 
evaporated onto the p-a-Si:H layer with an E-gun 
system to form the semi-transparent electrode with 
an area of 0.785 cm2. Then a thicker Au (100 nm) 
layer with an area of 0.045 cm* was evaporated onto 
part of device to provide a probing pad. Lastly, the 
sample was annealed at 300°C in N2 for 5 min to 
improve the ohmic contact between the Al and 
p-a-Si : H layer. 
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Fig. 1. The schematic cross-section of the proposed PSLED. 

3. RESULTS AND DISCUSSION 

Figure 2 depicts the PS-LED energy-band diagram 
with a potential well. When sufficient external voltage 
(V,,,,) was applied, some of the electrons from the 

multiple 
energy states 
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negative AI/Au electrode would have enough energy 
to overcome the barrier formed by the a-Si:H layers 
and be injected into the energy states on the surface 
of PS layer and in the a-Si:H layers. For example, as 
shown in Fig. 2, the electron with a higher (lower) 
energy E, (Z$) could be injected into the higher 
(lower) energy state in PS layer (a-Si:H layers). The 
current-conduction mechanism of this PS-LED was 
still under investigation. Probably, it dominantly 
might be due to the Frenkle-Poole emission 
(field-tunneling injection) of electrons when the Vblar 
was low (high). 

Figure 3 illustrates the various EL spectra of the 
fabricated device under different Vblur. With a lower 
Vblaa about 30 V, the lower-energy electrons would 
recombine with holes in the i-, n-a-Si:H or PS layers 
and emitted an EL spectrum with a peak wavelength 
around 675 nm (1.84 eV, red color). The photon 
energy around 1.84 eV was close to the energy gaps 
of the i-, n-a-Si:H and PS layers. When the Vblas was 
increased to about 50 V, the electric field in the 
i-a-Si:H layer would be increased. Some of the 
electrons would be injected into the higher energy 
states on the surface of PS layer. So, a greenlike EL 
(590 nm) was observed. Further increasing the Vblas to 
around 8&90 V, the electrons would be injected into 
the more higher energy states on the surface of the PS 
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Fig. 2. The schematic energy-band diagram of the proposed PSLED. The solid line is the band diagram 
without applied voltage and the dash line is the one with applied voltage. 
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4. CONCLUSION 

In conclusion, a novel PS-LED, whose emitting 
color was voltage-tunable, has been demonstrated. 
The EL spectrum of this device peaked at 455 
(greenlike blue), 590 (green), and 675 (orange-red) 
nm when the applied voltage was around 80-90, 50 
and 30 V, respectively. Under a higher applied 
voltage, the fabricated device had a blue-shifted EL 
peak as compared to that of the PL spectrum of the 
as-anodized PS sample. Although the correlation 
between the EL peak of the proposed device and the 
energy levels on the surface of PS layer was not 
known in detail, however, we thought the blue-shift 
of EL peak in this study was due to the electrons 
could be injected into the multiple energy states with 
higher energy on the surface of PS layer and 
radiatively recombine with holes from PS layer to 
emit light with a shorter wavelength under a higher 
applied voltage. 
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Fig. 3. The various EL spectra of the proposed PSLED 
under different bias voltages. 
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layer. This would result in a bluelike EL spectrum 
(455 nm) emitting from the device. So, by adjusting 
the bias-voltage, this device could emit light ranging 
from red to blue. These color lights could be seen 
by naked eyes in the dark. The brightness of the 
fabricated PS-LED was about 30-50 cd/m2 as 
measured at a current density of 600 mA/cm2. Its EL 
efficiency was estimated to be about 0.13%. 

It was interesting that the EL spectra of the 
fabricated PS-LED under different bias voltages were 
similar to those PL spectra reported in Ref.[7]. So, in 
this device, the electrons with higher energy might be 
injected into the higher surface states in PS layer 
and recombine with holes from p-type c-Si to emit 
light. However, this phenomenon of spectrum shift 
was different from that indicated in Ref.[lO], whose 
EL spectrum shifted with time from red to blue at 
a constant bias-voltage, since the EL spectrum 
of the fabricated PS-LED shifted only with 
bias-voltage and did not shift with time at a constant 
bias-voltage. 
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