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ABSTRACT

This paper reviews recent work in the area of scaled MOSFET device
structures. It summarizes the major aspects of device scaling and it
illustrates the strong coupling between device performance and device
fabrication. Devices with channel lengths below 0.25um have been
fabricated using advanced pattern transfer techniques and minimum
heat treatment cycles. Experimental results demonstrate the scaling

properties of these devices.

I. Introduction

The increase in complexity in silicon integrated circuits has been
mainly achieved by reducing the dimensions of the most important
building blocks of a chip, the MOSFET. Further progress in VLSI
will certainly push MOSFET dimensions to 0.5um or less.

This paper summarizes recent results in the field of MOSFET
scaling and submicron device technology. It includes some results on
the electrical performance of very small n- and p-channel devices.

II. Device Physics, Scaling Considerations and Hot-Carrier Effects
1. MOSFET Scaling

The reduction of the dimensions of the active device forces a
tradeoff’ between various variables, such as the channel length, channel
doping, oxide thickness, junction depth and the supply voltage.
Figure 1 shows the minimum channel length for which long channel
behavior can be observed as a function of these parameters. This
empirical relationship has been obtained from a large series of
experiments and numerical simulations for channel lengths ranging
from 20um to 0.25um [1]. The inset in the figure defines MOSFET
parameters. Compared to other scaling rules, such as constant-field
and constant-voltage scaling, the dependence of the minimum channel
length L, on v offers enhanced flexibility and better tradeoff.

The performance of small devices depends critically on the gate
oxide. For devices with 1um gatelength and smaller, very thin oxides
(d<250A) are required. The reduction of gate oxide thickness is
limited by various physical phenomena, such as tunneling, the Poole-
Frenkel effect and breakdown.

The doping level in the channel region is determined by the
maximum supply voltage and the threshold voltage. For a submicron
device, this doping level is close to 10'"cm™, which is high enough to
prevent punch-through effects.

The most critical hurdle to overcome in the scaling of MOS
devices arises from hot-carrier effects. The basic operation of the
MOSFET in the saturation regime results in a reverse biased junction
between the channel region and the drain junction region. This

junction can break down at relatively low voltages, forcing a reduction
of the bias supply.
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2. Hot Carrier Effects

Figure 2 shows the distribution of the lateral electric field for an
enhancement mode MOSFET with a gatelength of lum biased at
Ves = 1V, V4, = 3V. Near the source contact, the field is negative
due to the diffusion barrier between the highly doped source region
and the channel. The field gradually increases until it reaches a
maximum close to the drain contact. From the picture, one can
recognize the strong nonuniformity of the field along the channel.
Furthermore, it is evident from the magnitude of the field near the
drain that impact ionization is a problem in small planar MOSFET
structures. In Fig. 2, the maximum field value is 2.8x10° V ecm™,
clearly high enough to cause impact ionization.

The influence of the high electric fields in small MOSFETS can
seriously degrade their performance due to the generation of gate and
substrate currents. For submicron-size dimensions, the high-field
behavior differs drastically for n- and p-channel devices.

a. In n-channel devices, electrons gain energy as they travel along
the channel. Some lucky electrons may gain enough energy and
surmount the Si—SiO; barrier. Some of these electrons will be
trapped in the oxide while others will traverse the oxide and
contribute to an effective gate current. Trapping of electrons
generates a negative oxide charge ( and no interface traps )[2],
therefore resulting in a decrease of current.

In the saturation region, ¥y, >V, which results in a reversal
of the normal electric field near the drain and forces the carriers
into the bulk. The high electric field in this region generates
electron-hole pairs. While generated electrons are forced into the
drain junction area, thus augmenting the drain current, the
generated holes travel backwards to the interface where they are
deflected into the substrate, contributing to the substrate
current. It is very unlikely for holes to surmount the oxide
barrier.

b. In the case of p-channel devices, lucky holes are very unlikely.
However, contrary to the n-channel situation just described,
generated electrons travelling back towards the interface can
overcome the oxide barrier. It is important to note that in p-
channel devices, a hot-hole current or hot-hole trapping have not
been observed [2]. There is a hot-electron gate current, however,
which is due to drain avalanche. This gate current peaks at low
gate voltages corresponding to the maxima of the substrate
current. Trapping effects can occur in p-channel devices,
resulting in an increase of channel current.




Since ionization rates of electrons are much larger than
corresponding hole values, major emphasis has to be given to the
optimization of the n-channel transistors. While gate currents are
comparable for similar gate voltages, the substrate currents in n-
channel devices are typically four to five orders of magnitude larger
than corresponding p-channel results.

Figure 3 shows experimental substrate currents as a function of
V,, for a small n-channel device. This result is typical for submicron
size devices. In order to reduce the substrate current to values below
10 nA um™', the drain voltage would have to be reduced to 2 V.

ations

III. Tech

logy C:

The successful fabrication of devices with submicron features puts
stringent requirements on the technology. In the following, recent
results are presented to illustrate several important aspects.

1. Pattern Definition and Transfer

Optical lithography has traditionally dominated the pattern
definition process. Today’s step-and-repeat machines are capable to
define minimum feature sizes of slightly under 1um with realignment
better than 0.25um. Figure 4 shows a SEM micrograph of the metal
level of a digital IC [3] designed in 1um NMOS technology [4]. One
should note the excellent uniformity of the metal patterns and the
good alignment as exemplified by the contact holes.

For submicron size features, optical lithography becomes
increasingly difficult to apply due to problems associated with
diffraction, depth-of-field, the size of the exposure field, etc. While
encouraging progress has been made, which eventually will lead to
optical lithography at 0.5um [5], only X-ray [6] and e-beam
lithography [7] offer the ultimate capabilities for even smaller
patterns. At this point in time, the direct exposure using e-beams
fulfills all necessary requirements for submicron feature definition,
including linewidth control, registration and overlay accuracy and
reproducibility. A typical example showing the capabilities of e-beam
lithography in given in Fig. 5. The figure shows the polysilicon level of
a part of a digital circuit with 0.5um design rules. This pattern has
been defined in trilevel resist, and has been transferred using dry
etching techniques.

2. Low Temperature Processing

The successful fabrication of submicron device structures can only
be successful if the heat cycles of the process are kept as short as
possible and at the lowest temperature [8]. The most critical
temperature steps in a MOS process include the gate oxide growth
step and the heat cycles following the source-drain implants. For
devices with channel lengths below 0.5um, the gate oxide must be
thinner than 150A . In order to control the growth of this oxide, and
to avoid excessive segregation and dopant redistribution, temperatures
have to be kept below 900°C.

The performance of small devices is strongly dependent on the
structure and the shape of the source-drain areas. Devices with gate
lengths of 0.5um or smaller must have junctions depths of 0.1 to
0.15um. This requirement puts an upper limit on the maximum heat
cycle possible. However, the doping in the source-drain areas should
be as high as possible to ensure a proper contact formation and to
reduce parasitic resistive components.

For n-channel devices, very shallow junctions can be formed.
Figure 6 shows a TEM micrograph of the gate-junction area of a
scaled MOSFET [9] and a simulated arsenic depth profile in the
junction area. The total heat treatment after source-drain
implantation was limited to a total of 20 min at 900°C. This heat
cycle was established from earlier, more extensive diffusion and
annealing studies of As in Si [10].

Compared to n-channel devices, the formation of shallow junctions
is much more critical for p-channel devices. Because of its high
solubility in Si, B is the preferred doping species as compared to Al
and Ga. The high diffusivity of B renders it necessary to keep heat
treatments at temperatures not higher than 900°C and as short as
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possible. An additional problem is the range of implanted B which is
much larger than corresponding values for As.

One important consideration in the choice of a proper anneal cycle
lies in the regrowth and recrystallization properties of the as-
implanted regions. During the implantation process, silicon interstitials
and the implanted atoms, which are also at interstitial locations, form
clusters and/or precipitates. The formation of an amorphous layer
gives rise to secondary defects during the postimplant annealing due to
the growth of the initially formed clusters and the movement of the
amorphous/crystalline interface. Although the amorphous layer
undergoes epitaxial regrowth during annealing, residual structures
remain as observable defects within the lattice after recrystallization.

Figure 7 shows a TEM micrograph of the p* area close to the
polysilicon gate of a p-channel device [11]. The source-drain areas
have been formed by a single BF, implant. The formation of a band of
defects can be noticed at a depth of 780‘5;, which is a factor of two
deeper than the peak of the damage profile. The high density of
defects in the junction areas has no negative impact on the device
performance, because the junction is far away from the damage layer.

IV. Device Results
1. N-Channel MOSFETs

N-channel devices have been fabricated using a modified NMOS
process [8]. For all levels, direct-write e-beam lithography has been
used to achieve minimum active dimensions of 0.25um [9]. Electrical
results obtained from these devices have been extremely encouraging.
Fig. 8 shows measured subthreshold currents as a function of gate
voltage for two drain voltages (0.1, 1V) and several substrate
voltages. The device dimensions are indicated in the figure. The
device parameters obey the relationship in Fig. 1, which indicates that
this scaling rule, albeit simple, is still valid for very small dimensions.
The most encouraging result, however, is given by the current drive
performance of these devices as shown in Fig. 9 [12]. The
transconductance of this device is 300 mS/mm, the highest value ever
obtained for any semiconductor structure at room temperature.

2. P-Channel MOSFETs

As already mentioned above, the scaling of p-channel devices is
more difficult. Nevertheless, p-channel devices with channel length as
short as 0.5um have been fabricated [13].The performance of these
device is excellent as can be seen in Fig. 10 which compares the drive
capabilities of n- and p-channel devices for the same bias conditions.
For submicron dimensions, the p-channel device performance improves
significantly due to the increased velocity of holes at high electric
fields. This result allows important conclusions to be drawn for future
submicrom CMOS technologies. The increased current drive of the p-
channel device allows a considerable reduction of the gate area, which
results in a significant decrease of the input capacitance.

V. Conclusions

During the last few years, there has been large interest in the
fabrication of very small MOSFET structures to explore the basic
limitations of both fabrication techniques and device performance.
This paper summarized recent experimental work on MOSFET
scaling and submicron device technology. The results clearly show that
the MOSFET, if properly scaled, shows excellent performance,
suitable for future demands of VLSI.
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Fig. 1 Minimum channel length as a function of basic device

parameters. For explanation see text and more detailed
comments in [1].
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Surface plot of the lateral electric field in the device as seen
through the bulk. for Ves=1V, V4,=3V and V,,=0.
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Fig. 3
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Vgs (V)

Substrate current as a function of Vs for a n-channel
device with L=0.22um.



POLYSILICON GATE

GATE 9XIDE
(1604)

P*SUBSTRATE

0.25um

1021~

Fig. 4 SEM photograph of part of the metal level of a digital
circuit fabricated using a 1um NMOS technology.
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Fig. 6 (a)TEM micrograph of the cross section of the
gate/junction area. (b) Depth profile of the arsenic in the

junction area after drive-in.

Fig. 5 SEM photograph of part of the polysilicon level of a
counter circuit fabricated in 0.5um NMOS technology.
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Fig. 7
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Fig. 8
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TEM micrograph of a cross section of the gate/junction
area of a submicron p-channel transistor.

Vgs (V)

Experimental subthreshold current as a function of ¥y for
a n-channel device with L=0.22um .
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Fig. 9

DRAIN CURRENT (mA)

Drain current as function of Vs for a n-channel device with
L=0.22um and W=3um.

N CHANNEL vs. P CHANNEL
DEVICE CURRENTS

W =30um —— N CHANNEL
Vps = OV ——= P CHANNEL
Vgs =3V

1 2 3 4
Vds (V )

Comparison of the drive currents as a function of absolute
values for the bias voltages for two groups of n- and p-

channel devices with channel lengths of 0.5um and 1um,
respectively.






