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ABSTRACT

Precise measurements of the lateral distribution of
interface states in PMOSFET's, before and after drain-
avalanche-hot-carrier (DAHC) stress, are reported.
The results are analyzed in the context of
simultaneous gate current and substrate current
measurements, and 2-D numerical simulations.
Comparison of the results to similar NMOSFET
measurements demonstrates electron injection across
the Si-SiO; interface during DAHC stress creates
amphoteric interface states along the drain-region
interface; and negative trapped oxide charge along the
channel-region interface.

INTRODUCTION

Accurate knowledge of lateral interface state densities
is crucial to prediction of long-term MOSFET
performance and reliability. Extensive measurements
in NMOSFET'’s [1-5] have established the knowledge
base used in several 2-D simulation tools to model the
measured effects of lateral interface states in
NMOSFET’s [5,6], but none to date has incorporated
effects in PMOSFET’s, primarily due to limited
experimental data [7].

We extract Nji(x) from standard (2,8] charge-pumping
measurements, using a novel calculation [9] on
PMOSFET’s which improves previous methods
[4,7,10]. Specifically, N;(x) and not AN;(x) is extracted,
by making no assumption of Nj; uniformity across the
lateral, unstressed interface. Overly-simplified
assumptions of the effect of interface states on
capacitance [7], and the validity of substituting Dj(x)
for N;;(x) in the calculation [10], are also avoided.

EXPERIMENTAL DETAILS

A conventional P-well CMOS technology was used to
fabricate the devices used in this study. Oxide
thickness is 385A, the gate electrode is n* polysilicon,
and the PMOS source-drain junctions are created from
single-diffused B11 implants. Further details are given
in [13]. I-V measurements were made using an HP
4142B. Frequency pulses used in the charge-pumping
measurements were delivered by a Tektronix AFG
5101 pulse generator.

Charge-pumping current Icp, drain current Ip,
substrate current Igyg, and gate current Ig were
monitored before and after stress. DAHC stress was
performed at Vp=-10V and Vg=-2.6V for the PMOS
devices discussed here. NMOS stress conditions were
Vp=6V and VG=2V. Stress times were 120min. Tests
were performed to determine if results from stress
applied all at once differed from stress applied
incrementally; no differences were noted.

RESULTS AND DISCUSSION

Figures 1 and 2 show the basic Icp measurements
leading to Nj(x) extraction, an example of which is
shown in Figure 3. PISCES [11] was used to correlate
Vgyup and lateral position x [12]. The sign of Icp is
opposite that for NMOSFET’s, indicating interface
states are donor-like in PMOSFET's, and thus
amphoteric overall. Nj(x) is determined using a new
calculation [9] which makes no assumptions about the
existing lateral Nj, distribution. The extracted Njy(x)
thus becomes an absolute, and not relative, value.
Peak Nj(x) is aligned with peak lateral electric field (at
the stress voltage condition) at the channel surface.
However, this is more fortunate coincidence than
strict correlation. For the drain-avalanche hot carrier
(DAHQ) stress applied, minority carriers are generated
downstream of the peak lateral field [13], but flow back
toward the interface along the electric field lines [14],
ending roughly above the point of maximum lateral
field.

Figure 4 shows the effects of DAHC stress on
PMOSFET Igyg. In NMOSFET's for this type of stress,
Igyp is enhanced by a higher lateral electric field in the
drain region. Such field enhancement is caused by
negative charge near the Si-5iO; interface: the
negative charge screens the positive gate bias, pushing
the channel more deeply into saturation. Both
negative Nj; (due to negatively charged acceptors) and
negative N, give rise to this charge. For the
PMOSFET's here, Igyp is suppressed, again consistent
with negative charge, which in PMOSFET's decreases
the lateral electric field by enhancing the inverting
gate bias. This charge is due to N, since, as seen in
Figures 1-3, the positive N;, are predominantly above
the drain, and thus do not affect DC Igy
measurements.
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Figure 5 shows the effects of DAHC stress on I ¢, and
Igh- In NMOSFET’s, I ¢ is suppressed by this stress:
the negative interfacial charge from both ionized
acceptor Nj;, and N, creates an increased barrier to
electron injection. For PMOSFET's, Ig ¢ is suppressed,
and Ig j is enhanced, also consistent with negative
N, increase of the electron injection barrier, and
decrease of the hole injection barrier. The positive,
donor Nj; are insufficient to affect the DC Ig
measurements. In particular, note the change from
net Ig ¢ to I ,, for VG<-4.1V. This is the channel hot
hole (CHH) portion of the PMOSFET gate current
characteristic, which cannot usually be seen because of
the large AEc in an unstressed device. However, with
negative N, above both the DAHE and CHH injection
points, the electron barrier is increased, and the hole
barrier decreased, sufficient to show net Ig p..

PISCES simulations confirm these conclusions. Figure
6 shows the simulation mesh, and metallurgical
junction derived from a SUPREM [15] process
simulation. Figures 7 and 8 show, respectively, the
measured and simulated subthreshold I-V curves.
The measured curve evidences increased Nj,
(increased subthreshold slope [16]) and increased
electron N, (Ipg increase, and junction leakage
increase in the lowest Vg regime). The simulation
included only positive charge along the interface,
using values from the extracted Nj(x). As expected,
little change is seen between stressed and unstressed
simulations.

Experience in NMOSFET’s [5] suggests the constant
inversion Vg used during Icp measurements causes
an over-estimate of Nj(x) in unstressed devices, since
the back-biased-enhanced surface (vertical) electric
field can increase state filling via the Poole-Frenkel
effect [17]. At 300K, the surface field need only be
enhanced by ten percent to cause a two-fold increase in
Icp. Figure 9 shows simulations of the vertical field
near (but just outside) the PMOSFET drain. These
simulations contradict the postulate of the Poole-
Frenkel effect enhancing Icp [5], since the vertical field
increases only marginally during the trap filling
portion of the Icp cycle. Ten percent changes in
vertical field are not experienced until a depth of more
than 2004 into the channel is reached.

CONCLUSIONS

In summary, we have demonstrated the following. 1)
Lateral interface state distributions in unstressed and
stressed PMOSFET’s have been measured with greater
precision than previously. 2) Under DAHC stress,
electron transport across the interface creates Nj; above
the drain, and N; above the channel, simultaneously.
3) From the sign of Icp, the generated Nj; are donor-
like (positive above Eg, neutral below). Compared to
observed acceptor-like Icp in NMOSFET’s, this
reaffirms the amphoteric nature of interface states. 4)
Substrate and gate current measurements demonstrate
the presence of negative Ny, in addition to Nj;. 5)
Comparison studies, both measurement and
simulation, of NMOSFET’s and PMOSFET’s under

DAHC stress show minority carriers generated by
impact ionization in the drain (holes in NMOS,
electrons in PMOS) generate Nj;, while N, consist
solely of electrons, regardless of device polarity. 6)
Simulations of vertical field near the drain during the
trap-filling part of the Icp cycle suggest heavy doping,
and not Poole-Frenkel effects, as the cause of increased
Nj; near the drain of unstressed devices.
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Figure 1: Characteristic ‘flat-bell’ charge-pumping curve « ] 3
obtained from standard techniques [2]. Measurement done 1015 0o
here on a PMOSFET with W = 25um, Leff = 3.7um. Device '
fabrication described in [13]. 2 28 29 30 3
CHANNEL POSITION (um)
Figure 3b: Lateral electric field and doping concentration versus
channel position along the Si-SiO; interface. The peak electric
34 Stress: field occurs well inside the drain metallurgical junction, located
v ata channel position of 2.89um. Field is shown for the same
. g = —10v device seen in Figures 2 and 3a, for the DAHC stress condition
Vg = —28v Vp = -10V, Vg = -26V.
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Figure 2: Characteristic charge-pumping current 2.0e-6 ” A - W
versus reverse substrate bias, before and after DAHC 3
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substrate current after stress results from weakening of the
lateral electric field, consistent with electron trapping above
LL the device channel.
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Figure 3a: Extracted Nt before and after DAHC
stress for the same device as in Figure 2. PMOSFET
metallurgical junction shown in Figure 3b.
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Figure 5: Measured gate current characteristic for the device of
Figures 2-4, for Vp = - 10V. Positive Ig corresponds to electron
gate current; note the change to hole current after the DAHC
stress at higher Vg, enabled by trapped electrons.
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Figure 6: PISCES simulation mesh for the
simulations of Figures 3b, 8, and 9.
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Figure 7: Measured ID-VG characteristic for the device
of Figures 2-6 in the subthreshold regime. Sa and Sp are
before and after DAHC stress, respectively.
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Figure 8: Simulated subthreshold characteristic using

the mesh of Figure 6. Compare to Figure 7 by multiply-
ing current values by the channel width W = 25um.
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Figure 9: Simulated vertical electric field near the drain for

the inversion portion (trap-filling) of the charge-pumping

cycle (Vg =-4.5V). Changes in the vertical electric field are

not large enough to explain the enhancment of Lep reported in [5].




