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Characterization and Design Consideration of
80-nm Self-Aligned N-/P-Channel I-MOS Devices

Woo Young Choi, Jong Duk Lee, and Byung-Gook Park

Abstract—80-nm self-aligned n- and p-channel I-MOS
devices were demonstrated by using a novel fabrication
method featuring double sidewall spacer, elevated drain
structure and RTA process. The fabricated devices
showed a normal transistor operation with extremely
small subthreshold swing less than 12.2 mV/dec at room
temperature. The n- and p-channel I-MOS devices had
an ON/OFF current of 394.1/0.3 pA and 355.4/8.9 pA
per pm, respectively. We also investigated some critical
issues in device design such as the junction depth of the
source extension region and the substrate doping
concentration.

Index Terms—Self-alignment, 1-MOS, fabrication
method, subthrehold swing, design, junction depth,
substrate doping concentration.

1. INTRODUCTION

Recently, aggressive scaling-down of metal-oxide-
semiconductor field-effect transistors (MOSFETs) has
aggravated some important problems [1-3]. For example,
in the case of high performance applications, one uses
near-constant field scaling to maintain optimized
MOSFET behavior as shown in Figure 1. As a result, one
can get almost the same ON current in spite of supply
voltage reduction. However, OFF current increases
exponentially as devices are scaled down. It is due to the
fact that the value of subthreshold swing is mostly
unchanged during scaling-down. Therefore, reduction of
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subthreshold swing plays an important role in device
scaling-down. Subthreshold swing is defined as the
change in the gate voltage Vs required to reduce
subthreshold current Ips by one decade, which indicates
the gate voltage swing required to reduce the current
from its ON value to an acceptable OFF value. For good
ON/OFF characteristics, it should be as small as
possible. It is widely known that the minimum attainable
value of the subthreshold swing is approximately 60
mV/dec at room temperature. However, nonidealities
such as a nonzero gate oxide thickness or the presence of
interface states lead to a subthreshold swing of more
than 60 mV/dec. In addition, high substrate doping
concentration to suppress short channel effects accelerates
the increase of the subthreshold swing, which means that
MOSFETs gradually recede from ideal switches. If one
sticks to the p-n junction barrier lowering for carrier
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Fig. 1. CMOS scaling-down trend in the case of high
performance applications. Almost the same ON current is
always achievable in spite of supply voltage reduction.
However, exponentially-increasing OFF current is problematic
which results from the fact that the value of subthreshold swing
is mostly unchanged during scaling-down. Therefore, reducing
the value of subthreshold swing plays an important role in
device scaling-down.
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Fig. 2. The basic structure of (a) the n- and (b) the p-channel
I-MOS device. The I-MOS device has two major distinctions
compared with the MOSFET: opposite kind of dopants in the
source and the drain region and an i-region.

injection mechanism, the subthreshold swing can never
be reduced below 60 mV/dec at room temperature.

The impact-ionization metal-oxide-semiconductor (I-
MOS) device was proposed in order to overcome the
problems mentioned above [4]. The basic structure of the
I-MOS device is illustrated in Figure 2, which is
basically a gated p-i-n diode structure. It has two major
differences compared with the MOSFET. One is that the
source and the drain have opposite kind of dopants and
the other is that there exists an i-region which is not
completely overlapped by the gate. This i-region is used
to induce avalanche breakdown between the source and
the channel. The operating principle of the I-MOS
device is the modulation of the avalanche breakdown
voltage of a gated p-i-n structure to control the output
current as depicted in Figure 3. Although only the case
of the n-channel I-MOS device is mentioned, the same is
true for the p-channel one. Major difference between the
MOSFET and the I-MOS device is the carrier injection
mechanism from the source. In the case of the former,
carriers are injected thermally. There is a potential
barrier between the source and the drain and the gate
modulates it to control output current. However, the
latter has no potential barrier between the source and the
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Fig. 3. (a) Band diagram of the I-MOS device structure in
OFF state. The energy difference between the channel and the
source (AE) is not large enough to induce impact ionization.
(b) Band diagram of the I-MOS in ON state. The energy
difference between the channel and the source (AE) is large
enough to induce impact ionization, which leads to avalanche
breakdown.
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drain. Instead, because carriers of the I-MOS device are
injected through avalanche breakdown process, the
potential difference between the source and the channel
determines whether breakdown occurs or not. The role
of the gate is to control the channel potential. In OFF
state when gate bias is below the threshold voltage, the
potential difference is not large enough to induce
avalanche breakdown. However, in ON state when the
gate bias exceeds the threshold voltage, the potential
difference becomes large enough to induce avalanche
breakdown. Then, current starts to flow between the
source and the drain. Because the p-n junction barrier
lowering is not the mechanism of current flow control in
the I-MOS device, it is possible to reduce the subthreshold
swing below 60 mV/dec at room temperature.

The I-MOS device has some advantages and
disadvantages. In spite of its merits such as the
subthreshold swing below thermal voltage and fast
switching, a few critical problems have made the I-MOS
device difficult to realize: high gate voltage required to
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induce avalanche breakdown and difficulty in self-
alignment. We have focused on solving these problems.
Up to now, we have proposed a novel biasing scheme
based on device physics [5] and successfully fabricated a
130-nm n-channel I-MOS device [6] and 100-nm n- and
p-channel I-MOS devices [7]. In this paper, we have
introduced a new fabrication method featuring double
sidewall spacer to form source extension region, elevated
drain structure and rapid thermal annealing (RTA).
Based on it, we have fabricated 80-nm self-aligned n-
and p-channel I-MOS devices and studied some critical
issues in device design.

II. DEVICE FABRICATION

Figure 4 shows the conventional fabrication method of
an n-channel I-MOS device [4]. Following gate oxidation,
the gate is defined by photolithography. Then, n- and p-
type ion implantation is performed for the source and the
drain region formation, respectively. Because the gate,
the source and the drain region are formed in turn with
separate photomasks, self-alignment is not possible in
the conventional case. It means that the gate length (Lg)
and the i-region length (L;) are limited by the alignment
error and finally leads to high cost due to increased
number of photomasks, performance degradation due to
parasitic elements and limit in scaling-down.

For self-alignment, we proposed a new fabrication
method and implemented 130-nm and 100-nm I-MOS
devices for the first time [6, 7]. However, it was still
difficult to apply to sub-100nm region because the
source and drain junction can not be made shallow
enough to maintain low parasitic resistance. In this study,
we improve the fabrication method by adopting double
sidewall spacer, elevated drain structure and RTA process
as shown in Figure 5. Contrary to the conventional
process, the drain region is defined firstly in a mesa
shape. Following gate oxidation, the gate is patterned in
a sidewall spacer form beside the drain region. A
tetraethyl orthosilicate (TEOS) layer on the gate acts as a
mask to protect the gate region from counterdoping
during p-type ion implantation. The first sidewall spacer
formation is followed by low-energy p-type ion
implantation for shallow source extension. Subsequently,
after the second sidewall formation, high-energy p-type
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Fig. 4. Conventional fabrication method of an n-channel I-
MOS device. The same is the case to a p-channel I-MOS
except for the exchange of n-type and p-type. (a) Gate
oxidation. (b) n-type doped poly-silicon layer deposition. (c)
Gate line definition by photolithography. (d) n-type ion
implantation following photolithography in order to form the
drain region. (e) p-type ion implantation following
photolithography in order to form the source and the i-region.
(f) Annealing process by furnace.

ion implantation is done for deep source region in order
to minimize the source parasitic resistance. On the other
hand, in the drain region, we imitate the elevated
source/drain process in MOSFETs [8]. By making the
junction depth of the drain similar to the height of the
drain mesa, it is possible to get the shallow drain
junction with low parasitic resistance. Finally, RTA
process is performed at 1000 C for 5 seconds. The
merits of the proposed method are summarized as
follows. One is that, once the drain region is defined by
photolithography step, the gate and the source can be
formed with self-alignment. Another is that shallow
source and drain can be formed with the aid of the
source extension and the elevated drain. The other is that
the voltage for avalanche breakdown is reduced. It is
related to the radius of curvature of the source extension
region and will be discussed in Section IV.
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Fig. 5. Novel fabrication method of an n-channel [-MOS
device. The same is the case to a p-channel I-MOS one. (a) n-
type ion implantation. (b) TEOS layer deposition. (c)
Definition of the drain region following photolithography. (d)
Gate oxidation followed by n-type doped poly-silicon and
TEOS layer deposition. (¢) Gate line definition. (f) Low-energy
p-type ion implantation in order to form the source extension
region following the first sidewall spacer formation. (g) High-
energy p-type ion implantation in order to form deep source
region following the second sidewall spacer formation. (h)
Annealing process by RTA.

II1. RESULTS AND DISCUSSIONS

By using the proposed fabrication method depicted in
Figure 5, we have fabricated self-aligned n- and p-
channel 1-MOS devices whose gate length, i-region
length and gate oxide thickness are 80, 60 and 3 nm,
respectively. It is realized on a bulk silicon substrate.
Figure 6 (a) shows the plan-view scanning electron
microscopy (SEM) image of the fabricated device.
Because a ring-shaped gate structure is adopted for

(b)
Fig. 6. SEM images of the fabricated I-MOS device. (a) Plan
view. Because a ring-shaped gate structure is used, the gate
encircles the drain region and the rest of the area becomes the
source region. (b) Cross-sectional view. Gate length, i-region
length and drain mesa height are 80, 60 and 200 nm,
repectively.

fabrication convenience, the gate encircles the drain
region and the rest of the area becomes the source
region. Cutting through the line from A to B, we can get
the cross-sectional image shown in Figure 6 (b).

Figure 7 illustrates the transfer curves of the fabricated
80-nm n- and p-channel I-MOS devices. During the
measurement, we introduced a novel biasing scheme:
negatively biasing the source that induces enough
voltage difference between the source and the channel
[5]. Thus, the biasing voltages of the source regions were

fixed at -5.5 and 5.5 V for n- and p-channel cases,
respectively. Both devices show a normal transistor
operation with extremely small subthreshold swing,
which ranges from 5.5 to 12.2 mV/dec at room temperature.
As mentioned in section I, it results from the change in
the carrier injection mechanism from the source.
Additionally, thanks to the novel biasing scheme, the
threshold voltage and the drain voltage are reduced
dramatically.
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Fig. 7. Transfer curve of the fabricated device. (a) n-channel
I-MOS device. (b) p-channel I-MOS device. Both devices
show a normal transistor operation with small subthreshold
swing, which ranges from 5.5 to 122 mV/ dec at room
temperature.

Table 1 and 2 summarize the process conditions and
electrical characteristics of this work compared with
some previous results, respectively. In terms of
theprocess conditions, with the help of the new
fabrication method, the gate length and the i-region
length are scaled down to 80 and 60 nm, respectively, in
this work. Moreover, the number of photomasks is
greatly reduced down to 2. With regard to the electrical
characteristics, it is observed that most of the
performance factors are enhanced. The n- and p-channel
I-MOS device have an ON/OFF current of 394.1/0.3 pA
and 355.4/8.9 pA per pum, respectively. The novel
biasing scheme and device scaling-down reduce the
threshold voltage, the drain voltage and drain induced
current enhancement (DICE) [6]. In spite of adopting a
ring-shaped gate structure which generally suffers from a
lot of parasitic elements, we have been able to improve

Table 1. Process conditions of this work compared with
previous ones.

Ref. [4] Ref. [6] Ref. {7] |This work
Device type | p-channel | n-channel both both
L¢ (nm) 2000 130 100 80
L; (nm) 500 60 60 60
tox (nm) 20 4 3 3
Self-alignment X (0] O (6]
Double sidewall X X x o
spacer
Annealing By furnace|By furnace| By RTA | By RTA
Number of 10 ’ ) 5
photomasks

Table 2. Electrical characteristics of this work compared with
previous results.

Ref. [4] Ref. {6] Ref. [7] | This work
Vo (V) 20 1 1 1
240 260 160
DICE Not (n-channel) | (n-channel) | (n-channel)
(mV/V) [6] | available Not 140 120
available |(p-channel)|(p-channel)
Not 7.2 7.5 5.5
available | (n-channel) | (n-channel) [ (n-channel)
S8 (mVidee) 15750 Not 11.8 122
(p-channel)| available |(p-channel)|(p-channel)
44.6 81.1 394.1
Ton (pA/pm) Not (n-channel) | (n-channel) | (n-channel)
VT(:;‘;V) available Not 78.2 355.4
available |(p-channel) | (p-channel)
49 2.8 0.3
IOF:](l_lé/ Z{n) Not (n-channel) | (n-channel) | (n-channel)
( (ﬁlVT) available | Not 3.4 8.9
available |(p-channel)|(p-channel)

the electrical characteristics by combining the novel
fabrication method and the novel biasing scheme. If
photomask structure is modified later, it is expected that
the electrical performance of the device will be much
enhanced.

IV. DESIGN CONSIDERATION OF
THE [-MOS DEVICE

In this section, we consider some issues on the design
of the I-MOS such as the source extension junction
depth and the substrate doping concentration.

1. Effect of the source extension junction depth

As mentioned in Section II, one of the advantages of
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Fig. 8. Plane and cylindrical region of the source extension
region. The shallower the source extension is, the smaller the

radius of curvature becomes, which leads to the reduction of
the avalanche breakdown voltage.

the novel fabrication method is the reduction of
avalanche breakdown voltage. The source extension
region consists of plane and cylindrical region as
depicted in Figure 8. It is originated from the planar
processes. When a p-n junction is formed by implantation
or diffusion through a window in a mask layer, the
dopants will diffuse downward and also sideways. It has
been reported that this cylindrical region has critical
effects on junction, especially for the avalanche
breakdown process [9]. As the junction depth of the
source extension is reduced, the radius of curvature of
the cylindrical region decreases and finally the voltage
necessary for inducing avalanche breakdown also
decreases [10]. This reduction of avalanche breakdown
voltage has no apparent theoretical limit [11]. A
continuous decrease in the radius of curvature leads to a
continuous decrease of the breakdown voltage until other
breakdown mechanisms dominate and carrier multiplication
is therefore no longer an important factor. Because the
proposed fabrication method can form extremely shallow
source extension region by adopting double sidewall
spacer, the biasing voltage of the source region can be
reduced.

In order to investigate the relationship between the
junction depth of the source extension region and the
source voltage, we performed two-dimensional simulation
by ATLAS. The simulated device structure refers to the
n-channel version of experimental data in Section IIL
Figure 9 shows that the threshold voltage and the source
voltage to maintain constant threshold voltage strongly
depend on the junction depth of the source extension
region. As the junction depth of the source extension
region is reduced from 120 to 40 nm, the source voltage
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Fig. 9. Dependence of threshold voltage on source extension
junction depth, when the source voltage is fixed at -5.5 V and
source voltage needed to maintain threshold voltage of 0.6 V.

to maintain the threshold voltage of -0.6 V is reduced
from -5.7 down to -4.9 V. If one sticks to the source
voltage of -5.5 V, the threshold voltage will be reduced
down to 0.1 V. Thus, if we combine the proposed
fabrication method with recent shallow junction
technology, the voltage for inducing the avalanche

breakdown is expected to be further reduced.
2. Effect of the substrate doping concentration

Since the I-MOS device has a gated p-i-n structure,
the substrate doping concentration (Ng,) influences the
device characteristics. Thus, a study on the optimal
substrate doping concentration is useful and indispensable
to device design. From now on, we will focus on the
effect of the substrate doping concentration on the device
characteristics particularly in terms of the threshold
voltage and ON/OFF current ratio. The simulated device
structure also refers to the n-channel version of
experimental data in Section III. As a result of the
simulation, a unique characteristic of the I-MOS device
was found for the first time as shown in Figure 10: the
threshold voltage of the I-MOS (Vru1mos) decreases as
the substrate doping concentration increases, which is
contrary to the that of the MOSFET (Vumos). It is
easily understood considering the fact that the turn-on
mechanism of the I-MOS device is quite different from
that of the MOSFET. In the latter, the threshold voltage
is defined as the gate voltage when the surface potential
reaches twice the potential difference between intrinsic
and extrinsic Fermi level [12, 13]. On the other hand, the
threshold voltage of the I-MOS is defined as the gate
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voltage when the avalanche breakdown begins to occur
between the channel and the source. To understand this
phenomenon, we have adopted, as a criterion, the
maximum lateral electric field (En.) when the gate is
biased at 0 V. As it becomes higher, more electrons are
supplied into the channel through the avalanche breakdown.
Figure 10 shows that the maximum lateral electric field
increases with the increase of the substrate doping
concentration, which results from the junction abruptness
between the channel and the i-region. Therefore, high
substrate doping concentration will lead to the increase
of the maximum lateral electric field at the same gate
bias and finally reduce the threshold voltage of the I-
MOS device. For further analysis, we have compared
Vrnmos With Vigmos and found that the former is
larger than the latter as depicted in the inset of Figure 11.
It means that even if the surface potential reaches an
inversion point, additional gate biasing (Vigimos —
Vrnmos) is still necessary to get enough carriers injected
from the source in the I-MOS device. Additionally, with
the substrate doping concentration increased, it becomes
harder to form the inversion layer but easier to induce
the avalanche breakdown. Therefore, the additional gate
biasing is reduced as the substrate doping concentration
becomes higher as shown in Figure 11.

Figures 12 and 13 illustrate the effect of the substrate
doping concentration on the output current. In Figure 12,
as the substrate doping concentration becomes higher,
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Fig. 10. Threshold voltage and maximum lateral electric field
with the substrate doping concentration varied. It is observed
that threshold voltage decreases as the substrate doping
concentration increases, which is contrary to the MOSFET
case.
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Fig. 11. Additional gate biasing with the substrate doping
concentration varied. The inserted figure shows comparison
between the threshold voltage of the I-MOS device and the
MOSFET as a function of the substrate doping concentration.
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the substrate doping concentration. As the substrate doping
concentration becomes higher, the OFF current increases more
rapidly due to the leakage current between the drain and the
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the OFF current increases more rapidly due to the
leakage current between the drain and the substrate.
Figure 13 summarizes ON and OFF current relationship
with various substrate doping concentrations. We have
found that both ON and OFF current increase and that
the Vurmos decreases as the substrate doping concentration
becomes higher. Therefore, it can be thought that the
substrate doping concentration should be determined
considering the application for which the I-MOS device
is used. For example, high-purity substrate is necessary
for low-power consumption (high threshold voltage, low
OFF current) and moderately-doped substrate is for high
performance (low threshold voltage, high ON current).

We have studied the effect of the substrate doping
concentration on the I-MOS device characteristics in
terms of the threshold voltage and the ON and OFF
current. An interesting relationship between the substrate
doping concentration and the threshold voltage was
observed, which was explained by the maximum lateral
electric field. Additionally, it was also found that the
substrate doping concentration was an important design
parameter to the device applications: either low power or
high performance.

V. CONCLUSIONS

80-nm self-aligned n- and p-channel I-MOS devices
were fabricated for the first time by adopting double
sidewall spacer, elevated drain structure and RTA
process. It shows a normal transistor operation with
small subthreshold swing less than 12.2 mV/dec at room
temperature. We have also studied some device design
issues in terms of the junction depth of the source
extension region and the substrate doping concentration.
It is found that the avalanche breakdown voltage can be
significantly reduced by introducing shallow source
extension region and that the dependence of the
threshold voltage of the I-MOS device on the substrate
doping concentration is contrary to that of the MOSFET.
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