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Abstract Traditionally, n-type silicon is not regarded as a
good anode of organic light emitting diode (OLED) due to
the extremely low hole concentration in it; however, when
doped with Au element which acts as carrier generation
centers, it can be, as shown in our previous work. In this
study, we demonstrate a new kind of carrier generation
centers in n*-type silicon, which are the defects produced
by 5 MeV electron irradiation. The density of carrier
generation centers in the irradiated n*-Si anode can be
controlled by tuning the electron irradiation time, and thus
hole injection current in the OLEDs with the irradiated n*-Si
anode can be optimized, leading to their much higher maxi-
mum efficiencies than those of the OLEDs with non-irradiated
n"-Si anode. For a green phosphorescent OLED with the
irradiated n*-Si anode, the current efficiency and power
efficiency reach up to 12.1 cd/A and 4.2 Im/W, respectively.

1 Introduction

An efficient silicon light source plays a key role in silicon
optoelectronics. Long-term intensive efforts have been
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made on this topic. A promising route being investigated is
to combine the excellent electroluminescence (EL) ability
of organic semiconductors with the highly mature tech-
nology of silicon materials [1-12]. In an organic light
emitting diode (OLED), n-type silicon, just like p-type
silicon, could be used as an anode in principle because it
also has a high work function [13]; however, the EL effi-
ciency of the n-Si anode OLEDs is usually much lower
than that of the p-Si anode counterparts. Recently, by
introducing Au generation centers into the bulk n*-Si
anodes, the EL efficiency has been improved greatly to the
same level of the p-Si anode counterparts for both fluo-
rescent and phosphorescent emitters [14, 15]. Unfavorably,
Au is a fast-diffusing element in silicon and usually con-
sidered contaminant in silicon electronic processes [16]. So
it is necessary to search to find a new kind of hole gener-
ation centers as substitution. Here, we introduce the defects
in n-type silicon produced by 5 MeV electron irradiation as
hole generation centers. Their density can be controlled by
tuning the irradiation time [17, 18] and thus the hole injection
can be optimized. After such optimization, the phosphores-
cent OLED with irradiated n*-Si anode achieves a maximum
current efficiency of 12.1 cd/A and a maximum power effi-
ciency of 4.2 Im/W; and the fluorescent OLED with such an
anode reaches 1.0 cd/A and 0.2 Im/W, respectively, which
are close to those of the ITO anode OLEDs reported. The
electron irradiated n*-Si should be more compatible to
Si-based optoelectronic integration compared to the coun-
terpart with fast diffusing metallic elements.

2 Experiments

The used n*-type silicon wafers are (100) oriented and
have an electrical resistivity of about 0.01 Q cm. They
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Fig. 1 a An n"-Si wafer is
irradiated by 5 MeV electrons,
b deposition of the organic and
cathode metal layers on the
electron irradiated n*-Si wafer;
the schematic structures of

¢ phosphorescent and

d fluorescent OLEDs with the
irradiated n"-Si anode

(b)

were first rinsed in a 2 % HF solution for 4 min to etch
off the native oxide film and then routinely cleaned. The
cleaned wafers were irradiated by the 5 MeV electrons
for a series of durations of 2, 4, 8, 16 and 32 min in the
atmosphere with a dose rate of 1.6 x 10" cm s~ ' in a
BF-5 electron linac, as illustrated in Fig. la. To verify
the formation of generation centers caused by electron
irradiation, some of the irradiated n™-Si samples were
annealed at the temperature of 100 or 200 °C for 10 min
in a N, atmosphere. The organic materials and the
cathode metals were thermally evaporated successively
on the treated n"-Si wafers, as illustrated in Fig. 1b. The
typical deposition rate was ~ 1 A/s monitored by quartz
crystal oscillators. The HTL is N,N’-bis-(1-naphthl)-
diphenyl-1, 1’-biphenyl-4,4’-diamine (NPB). For the
phosphorescent OLED, the emitter is bis (2-phenylpyr-
idine) iridium (III) acetylacetonate [(ppy).lr(acac)],
which is doped into the host material, 4,4'-N,N'-dicar-
bazole-biphenyl (CBP). The most part of the electron
transport layer (ETL) is 4,7-diphenyl-1, 10-phenanthro-
line (BPhen), and another 15 nm Bphen is doped by
Cs,CO5 (mass ratio 1:1) as the electron injection layer
and the another part of the ETL. The cathodes are
stacked Sm/Au bilayers. For the fluorescent OLED, tris-
(8-hydroxyquinolinato) aluminium (AlQ) is the emitter
and a part of the ETL. The resulting phosphores-
cent devices have a structure of irradiated n"-Si/NPB
40 nm/CBP: (ppy).lIr(acac) (~10 wt %) 40 nm/Bphen
25 nm/Bphen: Cs,CO3 15 nm/Sm 5 nm/Au 15 nm, as
shown in Fig. 1c. The fluorescent devices have a similar
structure as shown in Fig. 1d. Spectra and luminance
of the OLEDs were measured in atmosphere by a
PR705 spectrometer. Current—voltage characteristics
were measured by a computer-controlled Keithley 2400
source meter.
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Fig. 2 The characteristics of a current—voltage, b luminance-voltage,
and c current efficiency—voltage for the phosphorescent OLEDs with
the irradiated n*-Si anode for a series of irradiation times. The inset
of a depicts the current—voltage characteristics in semi-logarithm
coordinates

3 Results and discussion

Figure 2 shows the current—, luminance— and current effi-
ciency—voltage curves of the phosphorescent OLEDs with



Electron-irradiated n*-Si as hole injection tunable anode 97
Fig. 3 The characteristics of ' ' : 15 ! ' ! !
current efficiency and power 1273 (a) 1.0 =" (b) 10.20
efficiency with the irradiation i o e
time for a phosphorescent and % 104 u 14 g % @ g
b fluorescent OLEDs with the S il é L 08 10.16 E
irradiated n™*-Si anode 5 8l ® 2 > = g
= 13 5 & 4 g
S n S S 06 ¢« 1012 &
Q [}
E g1 3 b= E =
L w u L
= @ 12 & = bd *— 5
S 4 = 2 04 =.lo08 2
5 " 2 3 Y
O o o ° o
9 N o1 [}
1 e 024 *® 1 0.04
5 0 5 10 15 20 25 30 35 5 0 5 10 15 20 25 30 35
Irradiation Time (min) Irradiation Time (min)
Fig. 4 The characteristics of ] T T e S e —
a current efficiency—voltage and U Unannealed . (a) 9:201 1 (b) 1
b power efficiency-voltage for & Annealed at 100 OC g 015
the OLEDs with the 4 min 1 & Annealed at 200 °C 1 IS sa0l 1 18
irradiated and+109, 200 °C or & ] § ooz E
unannealed n™-Si anodes. The 3 12 | » 3 S
inset in b shows the current— L =0 oL I =
voltage characteristics for the > il 7 8 8 10 11 12 1 E"
OLED:s indicated in this figure & o Vakate (V) o
3 . i (3]
E _.i L o o . t
E 81 MO0, 2
JAVAYAYYaN .
3 BANNANA i 12
DANNA
A
0 AR
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12

Voltage (V)

the irradiated n*-Si anodes. The inset of Fig. 2a depicts the
current—voltage characteristics in semi-logarithm coordi-
nates. With the irradiation time increase, the currents and
luminance at a same voltage increase first and then
decrease as shown in Fig. 2a, b. The best irradiation time is
4 min. The OLED with the non-irradiated n™-Si anode has
the lowest current and luminance as expected because of its
lowest hole injection. When nt-Si/HTL is reverse biased,
some of the defects produced by electron irradiation can
emit holes into the valence of the silicon and these holes
are then injected into the HTL under the electrical field.
With the increase of the irradiation time, the generation
center density increases and so does the hole injection from
anode to HTL. At first, the increase of the hole injection
results in the improvements of hole-electron balance, the
current, then luminance and finally the efficiency. How-
ever, if the irradiation time is very long, the hole injection
increases to be greater than the electron injection; so both
the luminance and the efficiencies drop. For example, when
the irradiation time is 0 and 32 min, the maximum current

Voltage (V)

efficiencies of the two devices are only 2.7 and 3.5 cd/A as
shown in Fig. 2c, respectively. As summarized in Fig. 3,
the current efficiency and power efficiency increase first
and then decrease with the increase of irradiation time for
both the phosphorescent (Fig. 3a) and fluorescent (Fig. 3b)
OLEDs with irradiated n*-Si anodes. The best irradiation
time is 4 min. For the phosphorescent device, the maxi-
mum current efficiency and power efficiency are 12.1 cd/A
and 4.2 Im/W, respectively, as shown in Fig. 3a; for the
fluorescent device, they are 1.02 cd/A and 0.17 Im/W,
respectively, as shown in Fig. 3b.

To further verify the hole injection enhancement from
the electron irradiation, we have studied the annealing
effect of the irradiated n*-Si anode on the performance of
the phosphorescent OLEDs. In the 4 min irradiation case
shown in Fig. 4, the higher the annealing temperature, the
lower the current. Currents for the two annealed devices
are both smaller than that for the unannealed one. The
current efficiency (Fig. 4a) and power efficiency (Fig. 4b)
follow the evolution trends of the current—voltage curves.
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Fig. 5 a The deep-level defects produced in silicon under low-energy
electron irradiation, b the energy level-alignment scheme at zero bias,
¢ the process scheme of hole generation and injection from n*-Si
anode into the NPB layer

Compared to the irradiated but non-annealed nt-Si, the
generation center density becomes lower in the irradiated
and annealed n*-Si anode. When annealed above 200 °C,
the effective generation centers almost vanish [19]. Thus,
the hole injection from the irradiated and annealed n*-Si
anode into the HTL will be less than electron injection
again at a reverse bias for the n*-Si/HTL junction, causing
the decrease of the current efficiency. For the phospho-
rescent OLEDs with the irradiated and 100 °C-annealed
nt-Si anode, the highest current efficiency and power
efficiency reduce to 6.1 cd/A and 2.6 Im/W, respectively,
and at the annealing temperature of 200 °C, they reduce
further to only 3.9 cd/A and 1.5 Im/W, respectively, close
to those of the non-irradiated counterpart.
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Figure 5a shows a series of deep-level defects produced
in n"-type silicon under the low-energy electron irradiation
[20, 21]. Some of them are in close proximity to the middle
of the silicon band gap, such as the level of E. — 0.54 eV
and the one of E, + 0.55 eV, and they will play a role of
generation centers just like Au center in silicon reported in
Ref. [14]. Figure 5b shows a scheme of energy level
alignment at zero bias. The top of the silicon valence band
is very close to the highest occupied molecular orbits
(HOMOs) of NPB. Figure 5c illustrates that holes are
emitted from the levels of the generation centers into the
silicon valence band and then injected into the HOMOs of
NPB under the forward electric field. The other levels, much
farther from the silicon valence band or conduction band than
these middle levels, can hardly emit electrons into silicon
conduction band and hardly emit holes into the silicon valence
band, i.e., they are not effective hole generators.

4 Conclusion

We successfully utilized the defects in n*-Si produced by
5 MeV electron irradiation as hole generation centers
instead of Au. At the irradiation time of 4 min, the current
efficiency and power efficiency of the phosphorescent
OLEDs with irradiated n*-Si anode reach the maximum
values of 12.1 cd/A and of 4.2 Im/W, respectively; for the
fluorescent devices, they are of 1.02 cd/A and of 0.17 Im/W,
respectively. All efficiencies are evidently higher than
those of the counterparts with non-irradiated n*-Si anode.
The OLEDs with irradiated and annealed n*-Si anode
show lower efficiencies compared to the unannealed one,
which indicates the vanishing of generation center in the
annealing process.
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