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A new n-MOS LDD-like device structure (the J-MOS transistor) is proposed. Its de-

AD-A169 706

sign, simulation and fabrication are studied in this paper. N-channel MOSFET’s with
L,;; below 2um suffer from high field effects that must be overcome to secure reliable
5V operation. LDD structures alleviate these effects but their reliability is better than
that of conventional MOSFET’s only if the n~ regions have a peak doping density above
1 x 10'%cm™3. To overcome this limitation and to allow constant voltage scaling for devices
into the submicron regime, the J-MOS structure uses a series drain JFET to drop part of
the supply voltage. Both 2-D device simulations and experimental results are presented to
demonstrate the operation of this device and its potential for applications requiring reli-
able submicron device operation under maximum supply voltage. The major experimental
findings are that the J-MOS structure can sustain 5 V operation even for submicron effec-
tive channel lengths. As has been the case with all LDD-like structures, improved device
reliability has been achieved at the expense of some performance. However, the advantages

c2 \
; of keeping 5 V operation in micron sized devices can outweight this performance loss.
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I. Introduction

Past experience in MOSFET scaling has shown that device design has proceeded under
constraints other than those suggested by constant electric field scaling principles [1]. Al-
ternative scaling approachs [2]-[4] have been used instead, which have allowed continued
scaling under constant supply voltage. The shrinking of device dimensions while keeping
supply voltage constant offers circuit and system performance advantages, in addition to
compatibility with the established 5V standard. This leads inevitably to higher electric
fields inside the active regions of the transistors. Operation of micron and submicron
MOSFET’s in the presence of high field effects has called for inovation in their design so
that acceptable device punch-through voltage and long-term device reliability are main-
tained as MOSFETSs are scaled. In particular several LDD-like drain structures with the
schematic cross sections of Fig. 1 have been studied and compared for use in VLSI circuits
as substitutes for the conventional n* As-drain. Careful engineering of the drain region in
n-channel devices is more important than in p-channel devices, because electrons in Si have
a higher impact ionization rate, a lower energy barrier to injection into the oxide at the
Si- SiO; interface, and saturate their drift velocity at smaller fields than holes. High field
effects are then much more deleterious to n-channel device performance and reliability.
Since device degradation [5]—[8] is related to heating of carriers as they traverse regions
of field strength in excess of 100K'V/em, reducing electric fields at the drain end of the
channel is crucial in n-channel devices. LDD designs for submicron p-channel devices have
also been proposed [9], mostly for reasons of punch-through prevention.

In both the LDD-FET [10]-[20], and the graded S/D [21]-[27] - or double diffused
drain (DDD) - n-channel structures of Fig. 1, the narrow, self-aligned n~ regions that
are introduced between the channel and the self-aligned n* source-drain are designed to
spread the high electric field at the drain pinch-off region into the n™ region. Other device
structures using a non-self-aligned separate gate, buried channel, or lightly doped S/D
have also been proposed {28]-{32]. The reduction and/or spreading of the peak E-field in
self-aligned LDD-like structures normally results in an increased reliability insofar as hot

electron induced instabilities are concerned. However, if the n~ surface doping (Ns) is
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too light, i.e. Ns < 10'®%cm™3, the LDD-FET’s can actually exhibit poorer reliability than
conventional Arsenic-doped n* S/D transistors in addition to increased series resistance.
This LDD related degradation has been shown to be caused by hot carrier injection into
the sidewall oxide region [33]-{36] (process (2) in Fig. 2), which in turn leads to excessive
series resistance and degradation rates faster than conventional designs [33,34]. At an
optimum n~ doping level, process (1) of Fig. 2 should dominate as the longitudinal E-
field peaks under the gate. The n~ resistive region of optimized LDD FETSs spreads and
reduces the peak value of the longitudinal electric field along the channel length, but the
n~ region under the sidewall oxide must still remain undepleted for the aforementioned
reliability reasons. While peak substrate current is usually reduced with a lighter n~ dose,

characteristics of LDD devices can deteriorate more rapidly with n~ doses < 10'® ¢cm™2

[20,33,34,36,37]. Optimum LDD designs have been studied extensively, and for practical

junction depths and S/D furnace anneal temperatures, the optimum Ng is 1-2.5x10'%cm™3
[20,38], or, alternatively, the optimum n~ dose is = 1 — 2 x 10! cm™? for “inside” LDD’s
of the type shown in Fig. 1 [36,39,40]. Other studies have proposed that better Isyp and
device degradation trade-off for “inside” LDD’s occurs with either a moderately doped
(4 — 10 x 10'® cm~?) Phosphorous n~ region [41] or with a (shallow As)/(n~ P) profiled
n~ region [42]. Optimum n~ implant doses were determined to be = 5 — 20 x 10'* cm™? for
both “outside” LDD’s (Fig. 1-d), which are a double-diffused type of structure self-aligned
to the oxide spacer [43], and DDD MOSFET'’s (Fig. 1-b) [40,44]. A pseudo 2-D analytical
model [45,46] would predict breakdown voltage improvements of less than 2V and 1V for
DDD and “inside” LDD devices, respectively, in this practical, reliability-proven range of

n~ doping levels.

II. JMOS Device Structure

In the search for reliable VLSI MOSFET’s one should recognize the importance of both
reducing high fields inside the device, and also keeping high fields as far away as possible
from the most sensitive MOSFET region: the Si-SiO; interface, since most device instabil-

ities are the result of damage to the gate oxide. In the JFET-MOSFET (JMOS) structure
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that we have proposed [47], shown in Fig. 3, one seeks to keep the field peak away from the
region under the gate, and at the same time force the electron current below the surface
in the critical high field region near the drain, which should have the effect of minimizing
hot carrier trapping in the gate or sidewall spacer SiO, regions. Other authors have also
shown that LDD’s can perform even more reliably by diverting the channel current away
from the SiO; interface in the high field drain region. Techniques proposed to accomplish
this include either a buried channel device with a lightly doped drain [48] or a retrogade
n~ profile for the LDD region [49]. Other MOSFET device structures have been proposed,
like the buried drain D-MOSFET [50], for which the reliability potential in VLSI has not
yet been assessed. By construction the JMOS structure avoids the reliability problems
found in lighter doped LDD devices associated with carrier injection into the sidewall ox-
ide. Once gate oxide reliability is assured, one is allowed an increase in power supply
or a reduction in MOSFET channel length at a given voltage to achieve a performance
enhancement. The proposed structure in Fig. 3 has a short channel JFET at the drain
end. The JFET physically occurs because of the presence of a p* region acting as the
JFET gate above the n~ drain region (Fig. 3). The p* implant connects electrically to
the substrate by overlapping the channel stop implant in the transverse direction. The
circuit model for such device is shown in Fig. 4. The JFET under the sidewall oxide is
fully merged into the MOSFET structure and does not require extra silicon area. It does

require a minimum of one extra mask in the process.

III. Device Simulation

The JMOS circuit model of Fig. 4 was simulated using SPICE and the transfer function
Vp, vs. Vp is plotted in Fig. 5, where V7, is the JFET threshold voltage, Vp, is the effective
drain bias on the intrinsic MOSFET, and Vp is the externally-applied drain bias. The
HPSPICE MOSFET level 3 and JFET model parameters used are listed in Table 1. The
simulation suggests that by appropriately choosing the JFET pinch-off voltage V,, the

device designer can limit the maximum drain bias across the surface channel MOSFET.

Thus, the JMOS device provides a means of minimizing hot carrier problems imposed by
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constant voltage scaling (7], since the series JFET can be designed to support part of the

drain supply. When the MOSFET channel is conducting current, the inequality:
Vp. < (|Vol — ¢4 — [Vsusl) = Vsus — Va, . (1)

holds, where V, is the JFET region pinch-off voltage, and ¢,; is the p*n~ junction built-
in potential. In practical designs Vj, Vr,, and Vsyp are < 0. Limiting Vp, could also be
accomplished, of course, by reducing (most likely to 3 — 3.3 V) the supply voltage. However,
this has important draw backs since such a reduction leads to compatibility problems, to
smaller noise margins in circuits, and to reduced (Vgs — Vr) MOSFET drive. Less gate
drive often implies slower circuits. The presence of a series drain JFET in the JMOS device
allows the full supply to be used on the Vp and V; terminals, while the internal voltage
of the reliability sensitive node — i.e. the MOSFET drain - is reduced. Conventionally
designed micron sized n-MOSFET’s in fact require drain biases of less than 3V to saturate
the channel current in the practical range 0 < (Vgs — Vr) < 5V, as shown in Fig. 6. This
is simply the effect of saturation of the channel electron average velocity ((v)). Submicron
devices operating in this saturated velocity regime will have a drain saturation current
given by

Ips,. = W (v) Coz(Ves — V1) (2)

where (v) ~ v,q (the optical phonon scattering limited drift velocity for bulk transport).
The drain JFET device, once it pinches off, limits the JMOS current approximately to its
first order pinch-off limit I, [51)

L=WwI, (1 _ (¢u + Vzla‘.-l:l- l"'suzal))z (3)

14
.
Pe np,L,w

(4)
where n (2 < n < 3) accounts for the non-uniform doping profile in the n~ JFET channel,
p.(f1/0) is the buried n~ sheet resistivity, L,,, is the sidewall spacer width — an approximate
measure of the JFET effective electrical channel length - and Vp, (Vgs) is the gate voltage

dependent effective MOSFET drain or effective JFET source voltage, according to the
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lumped circuit model proposed to describe the JMOS device. Eq. (3) neglects short JFET
channel length effects which are more important when the n~ doping is lighter. The I,
value in Amps/um width depends on the technology design of the vertical impurity profile
i of the drain-JFET, as well as the sidewall spacer width. ’

The J-MOS device was simulated by the PISCES 2-D program [52,53] coupled to im-
purity profiles simulated in 1-D by SUPREM-III {54]. 2-D device simulations have been
widely used as useful tools to guide and better understand the design of LDD devices
[55]. Fig.7 shows the equipotential contours for the JMOS device under a bias condition

in which the JFET under the sidewall oxide is in its linear region of operation. In this

R

mode, the n~ region behaves as a series pinched resistor, or as a buried LDD structure.
For the bias condition of Fig. 8, however, the saturation properties of the drain JFET are

illustrated. For those biases in which the JFET is ON and pinched off, i.e.

P

(Vps — Vsus) 2 |Vr,| (5)

the saturated JFET limits the current in the device to the value of I,(Vgs) given by Eq. (3).

o e 3 )

For the simulated device of Fig. 8 Vr,= —1.6 V, Vps= 5V, Vgyp = 0V. The JFET pinch-
off region then supports most of the 5 V drain bias on this particular JMOS design, while
the surface channel MOSFET supports less than 1 V. As suggested by the simulated field
pattern under the SiO,/Si interface, and as we shall demonstrate experimentally, this will
result in a large reduction in impact ionization under the MOSFET gate. The electron and
net donor densities, and the electrostatic potential along the JMOS interface A — A' are

shown in Fig. 9-a and Fig. 9-b, respectively, for Vgs= 1V, Vps=5V, Vsyp = —=1V. The

a B_N_

peak longitudinal E-field at the gate SiO,/Si interface is kept below 5 x 10* V/cm, which
is one order of magnitude smaller than typical peak fields at the drain-end of pinched off
conventional MOSFETs [56]-[58].

PISCES simulated I-V characteristics are shown in Fig. 10 for the device of Fig. 8.
In this JMOS device the onset of saturation is independent of Vgs since the drain-JFET
pinches off at the drain voltages for which Eq. (5) is an equality . In this case the JFET

operates as a current-limiting device fully merged into the LDD region. The PISCES

Cah N

simulated transfer function (I,/W) vs. Vs is shown in Fig. 11, where I is the pinch-off
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current of Eq. (3). A JFET short channel effect is responsible for the output conductance
in Fig. 10 and the variation of I,(Vgs) with Vps in Fig. 11. This effect is quite easily
seen in Fig. 8 as the drain field encroaches under the entire length of the p* JFET gate.
Fig. 12 shows the same device under bias conditions that turn the JMOSFET off through
the application of substrate bias, while the MOSFET surface is strongly inverted. In the
case illustrated, Vgs=Vps= 5V and (Vsug — Vp,) < Vr,, i.e. the drain-JFET region is
OFF and the MOSFET is ON. Thus, it is possible to turn off all JMOSFET’s on a chip
through appropriate substrate bias.

These device simulations have demonstrated the basic operation of the device. A
variety of such simulations were used to suggest structural variations to optimize device
performance. Control over the encroachment of high fields under the gate of the MOSFET
can be achieved through proper design of the LDD region by adjusting the pinch-off voltage
of the JFET region, V,, to maximize device current drive while keeping short channel

effects, and hot carrier injection into the gate oxide under tclerable limits.

IV. Device Fabrication

The fabrication process used is a standard 2um n-MOS process using LOCOS isolation,
a 400 A gate oxide, and n* polysilicon gates. The starting material was (100}, 20—250-cm,
boron doped silicon. A 900 A SisN, on 400 A SiO, mask was used during the local oxidation.
The boron field implant dose was 1.5 x 10'%cm? at 120KeV. The field oxidation was done
in steam at 1000°C/200 min.

Both conventional n-MOS devices and LDD n-MOS devices with § different variations
in the source-drain regions were fabricated side by side, to test experimentally the JMOS
device alongside the other better known LDD-MOSFET’s. The major JMOS fabrication
steps are shown in Fig. 13. By suitable combinations of the masked implants, all drain
structures, including symmetrical JMOS and larger geometry JFET’s, were fabricated side
by side on the same chip. The asymmetric JMOS structure of Fig. 3 can be fabricated

with only one extra masking step in addition to the conventional NMOS process if one
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were to choose an LDD-type source structure and a drain JFET structure. Lightly doped
source structures should either be doped above 5 x 10'®%cm™% or be avoided altogether
if transconductance reduction due to series source resistance [59]-[62] is to be kept low.
Lighter doping levels are necessary on the drain, however, if one seeks to reduce the drain
high field problem. In this work, 3 different n~ Phosphorous implant doses were used.
Simulated surface concentrations for the n~ region were 8 x 10!7cm™* for a low V,, JFET,
2 x 10"%cm™3, and 3 x 10'%cm™3 for higher V, JFETs, after a 1050°C, 60 min. drive-
in of the Phosphorous implant. A shallow 100 KeV p* BF, implant followed to form the
substrate-connected JFET gate on the JMOS devices. The 1050°C anneal assured sufficient
lateral diffusion of the n~ implant to guarantee merging of the surface MOSFET channel
and the JFET channel after the p* and n* implant anneals that followed. LDD region
definition was done with a conventional sidewall spacer technology [63]-[64] by depositing
8,000 A LPCVD oxide, followed by a 900°C /30 min. oxide densification, and oxide plasma
etch. Final sidewall oxide spacer widths of 4,100 to 4,600 A were obtained. Subsequently,
conventional n* As S/D implant and a 900°C/30 min. anneal followed. SUPREM-III
simulated profiles after all anneals for the high V,, and low V, JFET designs, as well as for
the n* As drain profile are shown in Fig. 14. Final MOSFET channel region boron surface
concentration was 1.3 x 10'®%cm~3. Table II summarizes the relevant parameters for the

two JMOS designs to be mentioned.

V. Experimental Results

A. I-V Characteristics

Fig. 15 shows the log(Ips) — Vs characteristics for the low-V, JMOS deviceat Vps= 0.1V,
in which both the JFET subthreshold and the MOSFET subthreshold regimes are illus-
trated. The drain current exhibits the usual exponential turn-on [65] in the MOSFET
subthreshold regime. However, due to the drain JFET gating action, the drain current can

be turned-off by setting Vsyp < Vr,. For this low-V, design Vr,= —(|V,| — és) = —0.8 V.

The long channel, zero backgate bias MOSFET threshold vnltage is 0.32 V, as extracted by
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the TECAP?2 [66] fitting of the conventional device linear region Ips — Vs characteristics
at several substrate biases. Fully extracted conventional MOSFET parameters are shown
in Table L. )

A (%) = (%) IMOS device is compared to a conventional MOSFET of the same drawn
gate length in Fig. 16. The JMOS effective channel lenght is = 0.2um shorter than its
conventional counterpart on the same chip. At large Vgs the value of I, given by Eq. (3)
saturates to a value I,_,, experimentally determined for devices with Lgie = 2um. This
saturated value of the JMOS Ips for Vsyp = OV, Vgs= Vps=5 V is I, = 24uA/um, and
is practically independent of MOSFET intrinsic channel length or polysilicon gate bias,
so that the JFET acts as a current limiter in the device structure. This value compares
reasonably well with the simulated value Ips,,, = 37uA/um, for a narrower sidewall
spacer, and hence a shorter JFET length. The degree of current limiting by the JFET in
this low-V, design is more than what would be desired in an actual VLSI application but
its characteristics are shown here to illustrate the JFET action as the two active devices
are meiged.

The Ips - Vps characteristics of JMOSFET’s with higher V, are compared to their
conventional counterparts on the same chip in Figs. 17-18. These JMOSFET’s have I,_,, =
200 and 320 uA/um width, respectively. I,_,  for the high-V, design of Fig. 18 is larger
than the 5V current drive capability of our conventional enhancement n-MOS devices
built with a 400 A gate oxide, 2 um technology. Hence, for large Vps bias, short channel
MOSFET, the JMOSFET saturation current limit is given by velocity saturation of the
MOSFET inversion carriers, according to Eq. (2). In the high-V, case, as shown in Fig. 18,
the Ips,,, values are the same for both conventional and JMOSFET devices. In this
case the operation of the drain-JFET is in its linear region, and the device acts as a
simple buried LDD. This has the effect of increasing the linear region ON resistance of
the JMOSFET. Drain series resistance for this case was extracted to be 10Kl — um in

excess of the conventional transistor series resistance, by using the measurement procedure

of [67]. Based on measured sheet resistivity data for large geometry n~ pinched resistors,

one concludes that the n~ buried LDD contribution to the series drain resistance does
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not account for such series resistance increase. We believe that a sizable contribution

to this ON resistance of the high V, JMOSFET comes from the contact resistance of the
Al(1%Si) metallization to the n* drain diffused layer which is compensated by the high dose
(2.2 x 10'"* cm~?) p* JFET gate implant. Further improvements of this device structure
are necessary to address two detrimental effects of including a shallow p* implant into the
drain n~ region: first, the low breakdown voltage of the p* substrate/n*drain junction;
second, increased ON resistance due to impurity compensation of the surface n~ region;
and third, the effect of the compensated p* layer on the contact resistance of the metal
to n* region. These limitations can be overcome by more optimum design of the doping
profiles in the drain region.

The 1050°C n~ drive-in step results in a fairly deep n~ junction in the high-V, case,
=~ 0.7um according to the simulation results in Fig. 14. Also, considerable diffusion of the
channel implants for Vr adjustment and punchthrough suppression occurs. Scaling suggests
that the S/D junction depths should be kept as shallow as technologically feasible. A JMOS
device optimized for technologies with L.;; < 1um would have to use shallower junctions.
The threshold voltage shift in the short channel regime should in turn be controlled by an
appropriate choice of ¢, and punchtrough suppression implant dose. For the technology
choices in this experiment, all devices had a linear region short-channel V3 shift of less
than 100mV down to L.y = 1.25um as shown in Fig. 19 for conventional (e), high-V,
(o), and graded S/D (A) devices. The Vr measurement used for Fig. 19 assumes that the
threshold voltage is given by the linear region (Vps=0.1 V) extrapolation of the Ips — Vgs

curves at the maximum value of transconductance g = dIps/dVgs.

B. Substrate Curreiit

In Fig. 20 the log(Isy g) vs. Vgs characteristics of both a conventional and a low-V, JMOS-
FET (same device as Fig. 16) are compared for devices with the same drawn (%) = (£2).
The usual substrate current characteristics [68] are observed for the conventional MOSFET.
Its bell-like shape indicates that the substrate current is mostly due to holes generated by

impact ionization ocurring as carriers traverse the high field region under the gate in the

10
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drain end of the device. The JMOSFET substrate current is mostly independent of gate

voltage, it is not triggered by channel current, and it is more than 2 orders of magnitude
lower than the peak value of the conventional device Isy 5. Except for the bias regime in
which the conventional MOSFET is well into its linear mode of operation (Vgs>Vps), i.e.
the inversion layer extends from source to drain n* regions and decreases the longitudinal
field strength in the drain end of the channel, the JMOS Isy g is less than the conventional
MOSFET impact ionization substrate current.

Drain diodes built on the same chip with different area/perimeter ratio confirmed that
the JMOS substrate current shown in Fig. 20 is mostly p*/n* sidewall diode leakage. This
Zener-like drain-substrate leakage is fairly independent of channel current, hence indepen-
dent of polysilicon gate length and MOSFET gate bias, and it scales with device width to
a typical room temperature value of ~ 300pA/um at Vp_syp = 5V. In IMOS designs
with higher n~ and p* doping densities, the Zener leakage under the same conditions can
increase by orders of magnitude when tunneling becomes important, to a typical maximum
of ~ 500nA /um when both sides of the sidewall junction were degenerately doped. High
sensitivity to p* doping levels are expected for shallow n*(As)/p*(Boron) junctions with
pt-doping levels above 10'8%cm™* [69]. This suggests that an optimum JMOS design must
pay careful attention to the p* doping profile in particular, if substrate current is to be

minimized.

C. Gate Current

Very sensitive gate current measurements were done at the wafer level utilizing a floating
gate induced drain current relaxation technique demonstrated in {70]. Resolution below
1014 was possible with this technique.

Gate current comparisons presented herein are for devices built side by side on the same
chip, since small structural or doping variations can lead to invalid comparisons. Fig. 21
compares the gate current measured as a function of Vgs for a conventional, and for the
low-V, JMOSFET of Fig. 16 on the same chip. The former presents the characteristic bell-
shaped peak that has been attributed to lucky channel hot carriers (CHE) [7,71], while the

11
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JMOSFET gate current is below the noise level in the measuring apparatus. This extreme
reduction of the gate current in the iow-V, JMOS device can be attributed to the reduction
:: of the internal drain voltage Vp, on the MOSFET due to the presence of the series JFET,
even though the external Vps is 7V in this measurement. Fig. 21 alsc presents the gate
current of the graded S/D device on the same chip, which gives an indication of impact
ionization reduction due to drain profile grading alone. The reduction of the JMOSFET
gate current is clearly due to a reduction of Vp_, in addition to junction g-ading. This is
consistent with the I-V characteristics of Fig. 16 and the substrate current characteristics
of Fig. 20 which indicated that the JFET drain supported most of the drain bias and that
impact ionization was negligible under the gate of the low-V, JMOSFET, respectively.
Fig. 22 presents the gate current comparison for devices on the same chip of a high-V,
wafer, measured at Vps= 6 V. Effective channel lengths are 1.25um for the conventional
MOSFET, and 1.0um for the JMOSFET. In the CHE I; peak (at Vgs=~ Vps) the reduc-
X tion provided by the high-V, JMOS is relatively small. At lower gate voltages, however,
where impact ionization is more intense in conventional devices there is about one order
of magnitude reduction in Iz measured in the JMOS structure. It is clear from Figures

21 and 22 that as the JFET pinch off voltage is reduced, the JFET increasingly limits the

overall device current but also increasingly improves the gate current due to hot carriers.

D. Speed Performance

Ring oscillators with Fan-In=Fan-Out=1 were built to benchmark on the same ckip the
speed performance of the two JMOSFET device designs against conventional designs.
The 21 inverter stages were of the n-channel enhancement / depletion type. Depletion and
~ e ‘hancement mode JMOSFET’s were used in the JMOS inverter stages. All ring oscillators
had the same drawn geometries: ( 12/3 drivers, 8/8 loads). Fig. 23 shows the oscillation
period as a function of the supply voltage for two wafers. The speed performance of
the low-V, design (dashed line) is much degraded as compared to the conventional device
speed (). This performance degradation is expected since the drive capability of the

JMOS inverter stage is severely limited by the low-V, drain JFET as shown in Fig. 16.

12
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The high-V, JMOS ring oscillator had a speed (solid line) comparable to the conven-
tional design on the same chip (o). The slight speed-up for this IMOSFET design is solely
attributable to the smaller L./, of the transistors, (=~ 0.25um shorter), and it is within the
wafer to wafer variation of the speed performance of the conventional devices. Usually in
E/D circuits the average pull-up output current increases sublinearly with supply voltage.
For this reason, the larger logic swing at larger supply voltages results in a slow down of
the ring oscillator speed as Vpp increases, as shown in Fig. 23.

The introduction of the p* region in the JIMOSFET drain has the positive effect of
reducing the gate to n*drain feedback capacitance (Cgp) at the expense of increasing
both drain to substrate junction capacitance (Cpsyp) and gate to p* overlap/fringing

capacitance (Cgsvp)-

VI. Discussion

The JMOS structures studied have demonstrated the basic advantages of this device
design. First, the maximum effective MOSFET drain bias can be set by device design,
independently of the maximum externally applied drain and gate bias which can be set
at effectively higher voltages. This property is advantageous in view of the pressing need
for voltage reduction in conventional submicron MOSFET’s brought on by hot carrier
effects. Second, the JMOSFET lightly doped drain region can be engineered without the
usual reliability constraint imposed on conventional LDDFET’s due to hot carrier injection
under the sidewall; reliable LDDFET’s required Ns > 10'®%¢cm™3 in the n™ region, while
the buried n~ region in the JMOSFET can be more lightly doped to meet the designer’s
choice for JFET V,. Third, the advantages in channel longitudinal field reduction due
to drain junction grading that are common to all LDD-like structures previously studied,
are also present in the JMOSFET with the additional advantage of having the channel
current driven away from the SiO, interface in the high-field drain region. All three
features combined allow further minimization of charge injection, trapping, and instabilities

associated with the gate oxide. Based on the proven correlation between gate and substrate
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currents and device reliability found in both conventional and LDD-like devices, we expect i
submicron JMOSFET’s to have good endurance under hot carrier stress.

Our implementations of the JMOSFET have pointed to areas that merit further im-
provement. First, the breakdown voltage of the sidewall n* p* junction at 6.5V and the '
associated junction leakage seen at 5 V render the drain-to-substrate leakage unacceptable
for dynamic circuit applications. The use of a phosphorous n* region self-aligned to the

sidewall oxide or a slight (= 0.2um) anisotropic silicon etch-back prior to arsenic nt im-

plant in order to grade or eliminate the n* p* sidewall junction are possible technology
implementations that can overcome this shortcoming. Second, a symmetrical JMOSFET
suffers from a further effective transconductance decrease due to an increase in series source '

resistance (Rgs), since

gm_y g
= —— 6 3
gm,,,. 1 + gm,,RS ( ) '

where g, and gm,,, are the JMOSFET and symmetrical JMOSFET effective transcon- ]
ductances respectively. This likely means that an extra mask must be used to eliminate

the p* region on the source side. Third, process complexity and control are relevant is- i
sues in the comparison of the JMOSFET and more conventional designs. The presence ) .
of a self-aligned active device under the oxide spacer that controls the current drive of
the JMOSFET, makes oxide spacer process control even more necessary. The addition

of at least one extra masking step with worst-case alignment tolerance of Lya¢/2 is one

additional draw back of the JMOSFET in its asymmetric implementation.

VII. Conclusions ‘

The JMOSFET, a modified LDD device structure has been proposed, designed, modeled :
and experimentally demonstrated. It provides device designers with tradeoffs in perfor-
mance somewhat different than LDD devices previously reported. The JMOS device can be
optimized for a given technology choice of minimum effective channel length, oxide thick- b
ness, and supply voltage. It overcomes some of the reliability problems of LDD devices .

with peak doping densities below 1 x 10'8m™3 related to injection into the sidewall oxide.
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By keeping the longitudinal E-field peak away from the SiO;/Si interface, the JMOSFET
structure minimizes hot carrier injection into the oxide — as made evident through gate and
substrate current characteristics —~ and should minize also the reliability problems associ-
ated with that injection. Our results suggest that with proper optimization of the drain
JFET this new structure can perform well in VLSI applications, while maintaining its hot
carrier resistant properties in submicron 5V supply circuits. As has been the case with
all LDD-like structures, improved device reliability has been achieved at some expense in
performance. However, the advantages of keeping the 5 V operation in micron sized devices

can outweight this performance loss.
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TABLE 1

MOSFET DEVICE PARAMETERS

Name Symbol Value Unit
Low field mobility Lo 665 em?V “lgec!
Oxide thickness tor 393 - A
Transconductance factor Kp 58.5 pAvV -2
Threshold voltage Vr, 0.32 |4
Effective substrate doping Nsus 9.1 x 10" cm™3
Body factor ~ 0.515 v -1/
(Lmask — Legs)/2 Lp 0.25 um
Gate field mobility factor © (Vyorm) 0.061 v-i
Longitudinal field mob. factor Erra 7.3 x 10* Vem T
Critical field Ecrir 1.7 x 10* Vem™!
Saturated drain conductance DEsar 7.9 x 10° Vem™?
JFET DEVICE PARAMETERS
Threshold voltage Vr, -1,-3,-5* v
Transconductance factor B 20, 40, 50 * pAvV -2
Channel length modulation A 0.05 V-1
* JFET1, JFET2, JFET 3
TABLE 11
PROCESS PARAMETERS
PARAMETER Low V, Process|High V, Process Unit
N~ Phosphorous Dose 2 x 103 7.5 x 1013 cm™:
Phosphorous surface conc. (Ns) 8 x 107 3 x 10" cm™>
P* BF,; Dose 6 x 10" 2.2 x 10* cm™*
N~ sheet resistance (p,) 850 410 /o
Pinched N~ p, 5.8 1.2 kQ /o
Oxide thickness (t,;) 400 400 A
Sidewall width (L,,,) 0.4 0.4 um
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1. Schematic cross-section of: (a) conventional (b) double diffused drain (c) “inside”
LDD (d) “outside” LDD n-channel device structures.

2. N-type LDD MOSFET device structure. Hot carrier injection occurs either (1)
under the gate or (2) over the n~ depleted region under the sidewall oxide in case the
light n~ dose allows for a non-overlapping drain depletion edge and gate electrode.

3. The n-type JFET-MOSFET (JMOSFET) device structure.
4. Equivalent circuit model for the JMOSFET device.

5. Voltage transfer function from the externally applied IMOSFET drain bias (Vps)
and the voltage at the intrinsic drain of the surface channel MOSFET (Vp,) for three
different JFET designs.

6. Saturation drain voltage dependence on Vgs — Vr for a conventional n-channel
MOSFET.

7. PISCES simulated equipotential contours for the JIMOSFET with L.;; = 0.72um,
te = 200A, Vr, = —1.6V, Vgyp=0V. Linear region bias of JFET. Vps=0.1V
Vcs=1 V.

8. PISCES simulated equipotential contours for the JMOSFET of Fig.7. JFET is
pinched off at Vps=Vzs=5V.

9. PISCES simulated variation of: a) Electron and (input-specified) Net Donor den-
sities; b) Potential along Si/SiO2 interface (line A — A'). JMOS structure of Fig.7.
VSUB = -1 V, VDS = 5V, VGS= 1V.

10. PISCES simulated Ips — Vps for V1, = —1.6 V. JMOSFET structure of Fig.7.
Vsup=0V.

11. Pinch-off current per unit channel width dependence on V5. PISCES simulated
for the JMOSFET structure of Fig.7. Vsyg =0V.

12. Pisces simulated equipotential contours for the JMOSFET sctructure of Fig.7.
Vps=Vgs=5V. MOSFET is ON and JFET is OFF at Vsyp = -2 V.

13. Process sequence for JMOS fabrication.

14. SUPREM simulated impurity profiles for both JFET high-V, and low-V, designs.

15. Measured subthreshold characteristics for the low-V, JMOSFET. (W/L) = (50/10),

Vps=0.1V , Vsyp steps AVsyp = ~0.25V from 0 to —1.75V.

16. Comparison of measured Ips —Vps characteristics for the low-V, JMOSFET and
conventional device. Both devices have the same drawn (W/L) = (50/2).
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ig. 17. Comparison of measured Ips — Vps characteristics for a higher V, JMOSFET

and conventional device. Both devices have the same drawn (W/L) = (50/2).

ig. 18. Comparison of measured Ips — Vps characteristics for the high-V, JIMOSFET
and conventional device. Both devices have the same drawn (W/L) = (50/2).

ig. 19. Linear region threshold shift as a function of effective channel length. Vi ex-

trapolation measurement at Vps=100mV.

ig. 20. Substrate current vs. Vgs comparison for conventional (solid line) and low-V,

JMOS (dashed) at Vps=3,4,5V. Drawn (W/L) = (50/1.5) for both devices. Low-V,
L.sy = 08um, conv L,gy = 1.0um.

ig. 21. Gate current vs. Vgs comparison for conventional and low-V, devices. Both

have drawn (W/L) = (50/2). Conv. L,;; = 1.5um, JMOS L,;; = 1.3um. Vps=T7V,
Vsvp = 0V. Graded S/D device with L,;; = 1.1u is also shown.

ig. 22. Gate current vs. Vs comparison for conventional and High-V, devices. Both

have drawn (W/L) = (50/1.75). Conv. L.;y = 1.2um, JMOS L., = 1.0um.
Vos=6V, Vsyp = 0V.

ig. 23. E/D ring-oscillator period of oscillation vs. supply voltage. Boxes (O m) indi-

cate the low-V, experiment. Circles (o o) indicate the high-V, experiment




LA

CONV. As-DRAIN GRADED As-P
(DDD)

| n+ bl L L L 4n+ n+ Lodonds Lok d ko n+
p- p-
(a) (b)

“INSIDE” LDD “OUTSIDE"” LDD

n+t/n/ NG B n+ / Wt
A7 ~—

p- p-

(©) (d)

Fig. 1. Schematic cross-section of: (a) conventional (b) double diffused drain (c) “inside”
LDD (d) “outside” LDD n-channel device structures.

....................
...............




| o ]

Il ' SO

o d_s_ 0 3 &_

PSS

Ny ad

v/

-
[N A SR

- 8 &

/

-— s A e M e ewm e e - N\

\

N o e e e e e o - -

P- SUBSTRATE

:

Vsus

Fig. 2. N-type LDD MOSFET device structure. Hot carrier injection occurs either (1)
under the gate or (2) over the n~ depleted region under the sidewall oxide in case the
light n~ dose allows for a non-overlapping drain depletion edge and gate electrode.




Vp
®

SUBSTRATE

Vsus

P-

Fig. 3. The n-type JFET-MOSFET (JMOSFET) device structure.

Vs"
r
Nt+

e % < S THARARAL, VIOPEYIa SRSORALR THRERIENR SEIISIN) HODIYYYY. RAPAAA,.. ARROEIDL



N-JFET |-———

Vsus'

Vp, @ .
|
[

VG *i "—

|
|

Fig. 4. Equivalent circuit model for the JMOSFET device.

......




B N RS T Y T P R VT
2
]
.
n
m
-4

B Vsus /
. JFET1| -1 20 | Ve — / VD = VDS
JFET2| -3 40 = /./
JFET3| -5 50 Vs
sl Leff= 1.25 um JFET3
= tox = 400 A —
> ox —
= Vsug = 0V -
//
> ”~
2 b
JFET2
W 77 e
: e uFETI

0 1 2 3 4 5
' Vbs(V)

Fig. 5. Voltage transfer function from the externally applied JMOSFET drain bias (Vps)
and the voltage at the intrinsic drain of the surface channel MOSFET (Vp,) for three
different JFET designs.




. ...'

o

5.0

® Leff=1.5 um LONG
CHANNEL

40 O Leff=0.5 um

Vbssat(V)

Fig. 6. Saturation drain voltage dependence on Vgs — Vr for a conventional n-channel
MOSFET.

L v v 3 v v

YA

o g PP I N R T st RN M RtAY L, O IR NN I YR S S I O P R N LT I R ST ST -
.‘F‘. ~{_"_‘.“.q Ny -’ Loy ot '..'\‘..R._'...'.. -'.-‘_-.ﬂ . . .'f.." LA -“’ RCS TR oy LA S PP ) -q.fd'



Vs

Vg

LRSI N e, LR TEA TS TR A v e 3 e TRASS W

Vo

—_ lj}. - - ——
v

[ n+ SOURCE

}

Z

Fig. 7. PISCES simulated equipotential contours for the JMOSFET with L.;; = 0.72um,
t,, = 2004, Vr, = —1.6V, Vgyp=0V. Linear region bias of JFET. Vps=01V

JMOSFET (4) MESH4
EQUIPOTENTIALS

Ysus = @
Vegs =1t v
Vps = .1V

‘Q;s==].\,.

)

1
T ™— 17| v Y
. .m PL'\.—'—PI.‘- l-_-n.-.'-\-ﬂ

n* DRAIN

n 0.5 7
eV P
—
depl. edge -
p.
.
-
2.0 3.8 9
T T T T T S T T T T T B .

..........

.....

¢ v 0 EER



.y

s
i, g e

: el -/J)
’f iy J/

\Fs

s AR N A
' l‘ [} [ ]
!
|
|
\

“

o)

: JMOSFET(4) MESK4 . N e e . h

A - EQUIPOTEMTIALS P -

! - ’ Veys = OV 4
M s Sv :

. - vps - SV d

o - 1.0 2.0p -

:: B T T T T T TR TR [T TN T T T A T TR SN SN N Y S TN SN R SRR TN T T IR SR S

¢

k' Fig. 8. PISCES simulated equipotential contours for the JMOSFET of Fig.7. JFET is

3 pinched off at VDS-_‘VGS:S V.

)

g

'n.'J-'-'.'v..\‘;_‘-.\ UL B AT S SN I T L

O - < o
. N M . .
‘D' o) f\\*"l\.u"u"k\-" x S I T B AN c e e e e e T e e T \.."._-" " e _. \' -




TE N

Va
1 Vo

~ 7. s~

10 T Y T
Solurce \\;GS = ;\\; —— ELECTRONS Drai
i DS = e——— Npn - N rain

N-—>fe——P +-——>Hr— N+

@
E
(&)
~
=
2 6 -
o
=
e af -
=
& A
Q 2f \ .
: \ j
O 0 1 ‘l
6 10 14 18 2.2 24

0) (V)

W s o

SURFACE POTENTIAL (@ Y
o 4
<|
|
I
I
I
|
|
|
|

Ny
B
¥
|
X
[
z
i
|
T
P
+

6 10 14 1.8 22 24
X (pm)

Fig. 9. PISCES simulated variation of: a) Electron and (input-specified) Net Donor den-
sities; b) Potential along Si/SiO2 interface (line A — A'). JMOS structure of Fig.7.
VSUB = -1 V, VDS = 5V, Vas= 1V.

.................... PR e P .- .
..... B PURT S .. PR P R -
T e e P
) R S T P T T e T e P T P S S i Ve R P S DA F AR SN

- . . a" cLe v N ’ .. ‘. = M -~ . - N - ‘~‘ < .'. rR '.u"‘
BN P N B P D € O B P T T P P TR i AT A A A A A A AT I ST -_'.‘q'.‘r:’;_‘.'_‘.'}.-:‘.»f‘)_'.i




Vsug = OV

lps (L A/pm)

Fig. 10. PISCES simulated Ips — Vps for Vr, = —1.6 V. JMOSFET structure of Fig.7.

VSUB = OV.
..\..- '.. ..;..;. ':“ . ':‘\. \.‘.\".' \. Y “\ '''''''''''' A ot W > '\- ............. PRI -\



60 |- ;+ 15V

40

I/W (L Alpm)
<
&
o)
I
o
<
o)

p—

" 5V .
_—.--—'"—°'0
20 - 15V
1 ]
0 4

Fig. 11. Pinch-off current per unit channel width dependence on Ves. PISCES simulated
for the JMOSFET structure of Fig.7. Vsyp = 0V.




ML A Y B Sl Rl Bl Rl Tl A T S T TR SR R

]
IN
i.
P‘ '
[}
“
)
3
'
i

)
A
-
: JMOSFET (4) MESH4

- EQUIPOTENTIALS VSUB < VTJ ~

vsuyp = -2v. T = -
vVgs = S v T rea oL
3 s Vps = S vV -
2
S I N T R T T T 1“ [ T T T T T T I“n [ T R Y Y R IR

Fig. 12. Pisces simulated equipotential contours for the JMOSFET sctructure of Fig.7.
Vps=Vgs=5V. MOSFET is ON and JFET is OFF at Vsyp = -2V.




¥
p- t
~ T
izttt el ] n- Ph |/
“““““““““““““ + Drive-In
1050°C
T b
: % PR
7 IR BF,
pt 1/1
; RN
- DRI TTTITITRTITTITIITI D As I/1
4 ) nt SOURCE
RN
n+
SIDEWALL OXIDE FORMATION
AR B R X
) %//// PIIIIRIIIIIIE I IIIIIETS > I/]L%
; 7 R As /]
q: _/_]j ]'J n+ S/D
: r%* n'° pr+
N
2




1021

SUPREM-II|
AT . nt As

1020 f- \
+ )

0 T8 —— High Vp JFET

10 ‘, — — Low Vp JFET

[}
[}

1018

017 L Phosphorus

log (CONCENTRATION) (cm-3)

- /B
1015 1 1 ]
0 0.25 0.5 0.75 1 1.25

DEPTH (m)

Ry .

Fig. 14. SUPREM simulated impurity profiles for both JFET high-V, and low-V;, designs.

AR "..‘5.".p

P

PR . S
CORCIR AR .« o™ a v e e ot e JORSCI AU
PRANR IR T I V¢ < RS . < o »




LOW Vp JMOS 5010 Vpg =01V
4
10 T T T —
10-5 =
106 V,SUB = -075V |
K AV
107 -
Z 10'8 '1.25 V —
2 00
— 10
0 -
15V
10-10 m
10-1 -
175V
1012 =
10-13 — L
30 4.0 5.0

Fig. 15. Measured subthreshold characteristics for the low-V, JMOSFET. (W/L) = (50/10),
Vps=0.1V | Vsyp steps AVsyp = —0.25V from 0 to ~2V.
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Fig. 20. Substrate current vs. Vgs comparison for conventional (solid line) and low-V,
JMOS (dashed) at Vps=3,4,5V. Drawn (W/L) = (50/1.5) for both devices. Low-V,
L.y = 0.8um, conv L.gy = 1.0um.
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