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Charging-Induced Changes in Reverse
Current–Voltage Characteristics of

Al/Al-Rich Al2O3/p-Si Diodes
Wei Zhu, T. P. Chen, Yang Liu, Ming Yang, Student Member, IEEE, Sam Zhang, W. L. Zhang, and S. Fung

Abstract—An Al-rich Al2O3 thin film was deposited on a p-type
silicon substrate by radio frequency sputtering to form Al/Al-rich
Al2O3/p-Si diodes. The current–voltage (I–V ) characteristics of
the diodes were determined by carrier injection from either the
Si substrate or the Al gate and by carrier transport along the
tunneling paths formed by Al nanocrystals distributed in the oxide
layer. The reverse I–V characteristics were greatly affected by the
charge trapping in the oxide layer, i.e., the electron trapping sig-
nificantly reduced the reverse current while the hole trapping en-
hanced the current significantly. However, the charge trapping did
not produce a large change in the forward I–V characteristic.

Index Terms—Aluminum-rich aluminum oxide, charge
trapping, current transport, current-voltage characteristics,
metal–insulator–semiconductor (MIS) diodes, memory effect,
nanocrystals.

I. INTRODUCTION

A LUMINUM oxide (Al2O3) which has a high dielectric
constant (k = ∼8 − 10) and also a similar band gap

and band alignment as silicon oxide has been proposed to be
used in nonvolatile memory devices as a blocking layer or a
charge storage layer [1]–[4]. Recently, Al-rich Al2O3 thin film
synthesized with electron-cyclotron-resonance sputtering at a
reduced oxygen gas flow rate was shown to be a promising
candidate for the charge storage layer [3]. In our previous work
[5], we also observed that the Al-rich Al2O3 thin film synthe-
sized by reactive radio frequency (RF) sputtering had a good
charge storage capability, and the charge storage behaviors were
similar to that of Al-rich AlN thin films [6]. In this paper, we
show that the charge trapping in the Al-rich Al2O3 thin films
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significantly changes the reverse current–voltage (I–V ) char-
acteristics of the Al/Al-rich Al2O3/p-Si diodes while there
is no significant change in the forward I–V characteristics.
Such charging effect could be used for two-terminal charging-
controlled resistive memory.

II. EXPERIMENT

Al-rich Al2O3 thin film with thickness of 60 nm was de-
posited on a p-type, (100)-oriented Si wafer with a resistivity of
9–12 Ω · cm, which was precleaned using standard RCA pro-
cess. The deposition was carried out by RF magnetron sputter-
ing of an Al target with the purity of 99.99% in a mixed Ar/
O2 atmosphere at a controlled flow rate. During deposition, the
RF power was 300 W and the sputtering pressure was 0.93 Pa.
The argon and oxygen flow rates were 60 and 1 sccm, respec-
tively. No additional heating was applied during deposition; but
the substrate temperature was slightly higher than the room
temperature due to ion bombardment. A rapid thermal anneal-
ing was conducted at 550 ◦C for 30 s in N2 ambient. To fabri-
cate the metal–insulator–semiconductor (MIS) diode structure,
an ohmic contact on the Si wafer backside was formed by the
deposition of a 200-nm aluminum layer, and an aluminum film
of 100 nm was deposited on the surface of the Al-rich Al2O3

thin film to form the gate electrode. Cross-sectional trans-
mission electron microscopy (TEM) and X-ray photoemission
spectroscopy (XPS) were used to investigate the structural and
chemical properties of the Al-rich Al2O3 thin film, respectively.
The XPS result indicates that the as-fabricated thin film was
indeed Al rich with an Al-to-Al2O3 atomic ratio of 1.24, and the
TEM images shows that Al nanocrystals (nc-Al) were formed in
the Al2O3 matrix. The details of the TEM and XPS experiments
have been reported elsewhere [5]. The I–V measurement was
carried out with a Keithley 4200 semiconductor characteri-
zation system, and capacitance–voltage (C–V ) measurement
was performed with an HP 4284A LCR meter at the fre-
quency of 1 MHz. Both measurements were conducted at room
temperature.

III. RESULTS AND DISCUSSION

Fig. 1 shows the I–V characteristics of the MIS diode. As
shown in the figure, the diode structure exhibited a “rectifying”
behavior, namely, the current under the forward bias condition
(i.e., the gate voltage was negative) was larger than that under

0018-9383/$26.00 © 2009 IEEE
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Fig. 1. I–V characteristic of the MIS diode structure. The insets in the upper
right and lower left panes show the carrier injection under a reverse bias (i.e.,
a positive voltage is applied to the Al gate) and a forward bias (i.e., a negative
voltage is applied to the gate), respectively.

the reverse bias condition (i.e., the gate voltage was positive).
This behavior can be explained as follows. Both the electron
injection from the Al gate and the hole (the majority carrier in
the Si substrate) injection from the p-type Si substrate occurred
simultaneously under a negative gate voltage; in contrast, only
electron (the minority carrier in the Si substrate) injection from
the Si substrate occurred under a positive gate voltage.

Fig. 1 also shows that the reverse I–V characteristic followed
a power law, i.e., I = I0V

ζ , where the parameters ζ and I0 were
determined by both the structural properties of the oxide thin
film and the charge trapping in the thin film [7]. The power
law behavior suggests that the current transport was controlled
by the Al-rich Al2O3 layer rather than the electron injection
from the Si substrate in the case of reverse bias. The power-
law transport could be explained by a model similar to the
one of collective charge transport in arrays of normal-metal
quantum dots [8], [9]. The injected electrons can be transported
along the tunneling paths formed by the nc-Al distributed in the
aluminum oxide thin film [5], [7]. This mechanism is used to
explain the observed charging-induced changes in the reversed
I–V characteristics, as discussed later. On the other hand, the
forward I–V characteristic cannot be described with the above
power law, because the situation was more complicated as both
the electrons injected from the gate electrode and the holes
injected from the Si substrate were to be transported across the
aluminum oxide layer.

As previously mentioned, under a positive gate voltage, only
electrons were injected from the Si substrate to the Al-rich
Al2O3 layer. Some of the injected electrons were trapped in
the oxide layer, which caused a positive flatband voltage shift
(ΔVFB) of the MIS structure. As shown in Fig. 2, the applica-
tion of +15 V to the gate for 100 s shifted the C–V character-
istic to the positive with a positive flatband voltage shift of
0.15 V (ΔVFB = +0.15 V), indicating that electron trapping
occurred in the Al-rich Al2O3 layer, with the possibility that the
electrons could have been trapped in the nc-Al. On the other
hand, as revealed by the TEM images, the interfaces between

Fig. 2. Shift in C–V characteristic after the application of +15 V for 100 s
showing electron trapping in the oxide layer.

nc-Al and Al2O3 were imperfect. Due to the imperfection of
the Al2O3 matrix with the embedded nc-Al, it is reasonable to
assume that there was a large amount of defects at the interfacial
regions between the embedded nc-Al and the Al2O3 matrix.
Therefore, the electrons could also be trapped in these defects.
Nevertheless, the electron trapping was associated with the
existence of the excess Al (i.e., nc-Al) distributed in the oxide
layer. The electron trapping in either the nc-Al or the defects
occurred when the injected electrons were transported along
the tunneling paths formed by the nc-Al. The electron trapping,
in turn, affected the carrier transport across the oxide layer, as
discussed below.

Fig. 3 shows the I–V characteristics before and after the
electron trapping. The electron trapping was achieved under
the same bias conditions with the same charging duration as
those in Fig. 2. As shown in Fig. 3(a) for the reverse I–V
characteristics, the electron trapping led to a significant reduc-
tion in the current. The reverse I–V characteristic after the
electron trapping also followed a power law, but with smaller
values of power-law parameters, I0 and ζ, as compared to those
before the electron trapping. The influence of electron trapping
on the current conduction is explained as follows. Electron
trapping in an nc-Al or a defect increased the resistance of the
tunneling paths involving the nc-Al or the defect because of
the electrostatic interaction of the transported electrons with the
trapped electrons, and the tunneling paths could also be broken
due to the Coulomb blockade effect [7]. Therefore, the electron
trapping suppressed the electron transport across the oxide
layer. On the other hand, the electron trapping reduced the elec-
tric field in the region of the oxide/Si interface, thus decreased
the electron injection from the Si substrate during the reverse
I–V measurement. In contrast to the reverse I–V characteristic,
the electron trapping did not have a large impact on the forward
I–V characteristic, as shown in Fig. 3(b). This situation was
due to the fact that both electron injection from the gate and
the hole injection from the Si substrate occurred during the
forward I–V measurement. The electron trapping suppressed
the transport of the injected electrons but enhanced the transport
of the injected holes. In addition, the electron injection was
reduced while the hole injection was enhanced due to the
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Fig. 3. I–V characteristics before and after the application of +15 V for 100
s. (a) Reverse I–V characteristics. (b) Forward I–V characteristics.

Fig. 4. Shift in C–V characteristic after the application of −15 V for 1 s
showing net positive charge trapping in the oxide layer.

electron trapping. Therefore, the forward I–V characteristic
was not significantly affected by the electron trapping.

Under a negative gate voltage, both the electron injection
from the gate and the hole injection from the Si substrate
occurred simultaneously, but the net charge trapping in the
oxide layer could be either negative or positive, depending on
the magnitude of the voltage and the charging duration. The
net charge trapping tended to be positive for a larger voltage
magnitude and a longer charging duration. As shown in Fig. 4,
the application of −15 V for 1 s shifted the C–V characteristic
to the negative with a negative flatband voltage shift of 0.15 V
(ΔVFB = −0.15 V), indicating a net positive charge trapping

Fig. 5. I–V characteristics before and after the application of −15 V for 1 s.
(a) Reverse I–V characteristics. (b) Forward I–V characteristics.

in the Al-rich Al2O3 layer (i.e., the hole trapping was domi-
nant). The positive charge trapping had a strong impact on the
reverse I–V characteristic. As shown in Fig. 5(a), the reverse
current was increased by about two orders after the positive
charge trapping. The increase in the reverse current was due to
the enhancements in both the electron injection from the Si sub-
strate and the transport of the injected electrons along the nc-Al
tunneling paths during the reverse I–V measurement by the net
positive charge trapping in the oxide layer. Being similar to the
situation of the electron trapping discussed earlier, the positive
charge trapping did not cause a large change in the forward
I–V characteristics, as shown in Fig. 5(b), because both the
electron injection from the gate and the hole injection from the
Si substrate were involved in the forward I–V measurement.

The charging effect on the reverse I–V characteristic could
be used to realize a two-terminal charging-controlled resistive
memory based on the MIS structure. The reverse resistance of
the MIS diode can be changed by the charge trapping in the
Al-rich aluminum oxide layer, i.e., the resistance is switched
to a high- or low-resistance state by the electron trapping or
the hole trapping, respectively. The memory states represented
by the resistance states can be changed by a large voltage,
and they can be distinguished by measuring the resistance (or
current) at a small reverse bias. The two-terminal charging-
controlled resistive memory offers a higher memory density and
a lower fabrication cost. Fig. 6 shows a preliminary result of
the retention performance of the memory device. The current
measurement was conducted at a low bias of +2 V while the
charging operation was carried out at −15 V for 1 s. As shown
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Fig. 6. Currents of the two memory states (i.e., the states before and after the
charging at −15 V for 1 s) measured at +2 V as a function of waiting time.

from the figure, the current ratio of the two memory states (i.e.,
the states before and after the charging) was large enough for
distinguishing the two memory states. In addition, the currents
of the two memory states had no significant changes after a
waiting time of 30 000 s.

IV. CONCLUSION

In summary, an Al-rich Al2O3 thin film was deposited on a
p-type silicon substrate by RF sputtering to form an Al/Al-rich
Al2O3/p-Si MIS diode. Under a positive bias applied to the
Al gate (i.e., reverse bias), electrons were injected from the Si
substrate and some of them were trapped in the Al-rich Al2O3

layer. In contrast, both the electron injection from the Al gate
and the hole injection from the Si substrate occurred under a
negative bias (i.e., forward bias), leading to both electron and
hole trapping in the Al-rich Al2O3 layer, and a positive charge
trapping could be achieved with a large voltage magnitude
and/or a longer charge duration. The electron trapping and hole
trapping caused a significant reduction and a large increase in
the reverse current, respectively. However, the charge trapping
(either electron or hole trapping) did not produce a large change
in the forward I–V characteristic. The charging effect on the re-
verse current could be used to realize a two-terminal charging-
controlled resistive memory based on the MIS structure.
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