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Probing Long-Range Coulomb Interactions
in Nanoscale MOSFETs
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Abstract— We have recently experimentally probed long-range
Coulomb interactions due to plasmons in polysilicon gate of long-
channel (1 xum) MOSFETs. In this letter, we further probe those
due to plasmons in the highly doped source and drain. Test
vehicles include four more samples from the same manufacturing
process but with small channel lengths (down to 33 nm). I-V’s
of devices are measured at two drain voltages of 0.05 and 1V, in
a temperature range of 292-380 K. Inverse modeling technique
is applied to furnish calibrated doping profiles. The inversion
layer electron effective mobility is thereby extracted, showing
a decreasing trend with decreasing channel length. Such differ-
ences reflect more additional scatterers in the shorter devices.
Mobility components limited by these additional scatterers are
assessed using Matthiessen’s rule. From the extracted temper-
ature dependencies, we infer that the strength of source/drain
plasmons increases with decreasing channel length. The errors
of Matthiessen’s rule are adequately dealt with. Corroborative
evidence is given as well.

Index Terms—Device physics, long-range Coulomb, MOS-
FETs, mobility, plasmons, scaling, scattering, transport.

I. INTRODUCTION

OR doped semiconductors, there are quantized collec-
tive modes of electrons in the context of many-body
theory, namely, plasmons [1]. The existence of plasmons
means the occurrence of long-range Coulomb interactions not
only within, but also outside doped regions of semiconductor
devices. Thus, for state-of-the-art MOSFETSs at the nanometer
dimension, electrons traveling in the channel will undergo
long-range Coulomb interactions with plasmons in the highly
doped source and drain [2]. Through sophisticated simulation
tasks [2]-[4], such long-range Coulomb interactions are shown
to act as key limiting factors in MOSFETS scaling.
Experimentally probing long-range Coulomb interactions in
realistic devices are a highly challenging issue [5]. We have
recently successfully reached this through extracted mobility
limited by interface plasmons in polysilicon ultrathin gate
oxide [6]. Those due to source/drain plasmons may be assessed
from the observed mobility degradation with decreasing gate
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Fig. 1. Inverse modeling technique used to transform /—V’s primarily in the
subthreshold region into calibrated doping profiles. (a) 292 K. (b) 380 K.

length [7]-[9], as long as other scattering mechanisms have
been distinguished in advance. In doing so, Matthiessen’s rule
can be helpful, but care must be taken [10]—-[12].

In this letter, we propose a novel temperature-dependent
method to probe long-range collective Coulomb interactions

between channel -electrons and source/drain plasmons.
Aforementioned issues can be overcome with the
method.

II. EXPERIMENT

Device samples presented are n™ polysilicon ultrathin gate
oxide (1.27-nm thick) n-channel MOSFETsSs having five chan-
nel lengths of 1 um, 83, 48, 43, and 33 nm. The gate
width is 1 um. The p-type substrate doping concentration
is 4 x 10'7 ¢cm™3.The manufacturing process was described
elsewhere [6]. I-V’s are measured in a wide range of gate
voltage up to 1.8 V, drain voltage of 0.05 and 1 V, and
temperature of 292, 330, 360, and 380 K. Terminal currents
of each sample measured across wafer change little.

Inverse modeling technique via TCAD Sentaurus [13] in its
default conditions (i.e., the complete conventional scattering
mechanisms due to ionized impurity, phonons, and surface
roughness), along with the van Dort quantization model for
quantum confinement, is employed to reproduce measured
I-V’s in the subthreshold region. We found that simulated
subthreshold 7-V’s are largely sensitive to the positioning of
both source/drain extensions and halo implants. The repro-
duction quality is fairly good as shown in Fig. 1, achieved
without changing any physical parameters in TCAD. Resulting
calibrated doping profiles are shown in Fig. 2.

Simulated inversion layer density Njny as shown in Fig. 2
is used to transform measured above threshold drain current
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Fig. 2. Calibrated doping profiles from source extension through channel
to drain extension, at a depth of 1.5 nm beneath the SiO,/Si interface. Inset:
calibrated structure of 33-nm channel length. (b) Simulated N,y versus V,
with temperature as a parameter.
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Fig. 3. Extracted electron effective mobility versus N,y for (a) three and
(b) two samples with the temperature as a parameter. Inset: formula to extract
mobility. Source/drain series resistance Rgq is the total change in quasi-Fermi
potential across both source and drain divided by the drain current. Because
simulated Ryq is a weak function of temperature (from 99 Q-um at 292 K
to 101 Q-xm at 380 K), it is kept at 100 Q-um in this letter.

at Vy; = 0.05 V into electron effective mobility. The result is
shown in Fig. 3. In addition, simulated and measured threshold
voltage values (~0.2 V) are close to each other. This means
that the effect of increased channel doping on threshold voltage
shift in short channel device (see Fig. 2) is considerably offset
by corresponding short channel effect counterpart.

III. ADDITIONAL SCATTERERS

With the application of Matthiessen’s rule, effective mobil-
ity differences in Fig. 3 are transformed into the mobility
components limited by additional scatterers, relative to 1-um
device, as shown in Fig. 4. It can be seen that additional
scattering limited mobility of 43, 48, and 83 nm samples
increases with both inversion layer density Nj,, and temper-
ature. For 33-nm case, however, mobility tends to saturate
and decreases slightly with temperature. To highlight this,
we add to the figure corresponding temperature dependencies
at Nipy = 103 cm™2. Clearly, the temperature power law
coefficient y decreases with decreasing channel length and
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Fig. 4. Extracted additional scattering limited mobility (symbols) versus Njpy
for four short channel samples, relative to 1 um, with the temperature as a
parameter. (b) Corresponding temperature dependencies at Ni,y = 1013 cm—
along with calculated RCS limited mobility for comparison.
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Fig. 5. Temperature dependence of extracted additional scattering limited
mobility of 33-nm sample for two errors of E, = 0 and 50%, relative to
43- and 48-nm ones. Calculated plasmon limited mobility is shown. Calcu-
lated and extracted plasmon limited mobility components separately refer to
plasmons in 3-D doped silicon and plasmons in source/drain penetrating into
the 2-D channel.

becomes negative at 33 nm. This dictates that the strength
of source/drain plasmons increases with decreasing channel
length. Relatively speaking, short-range Coulomb scattering
or equivalently the remote Coulomb scattering [7], [9], and
[14] weakens accordingly.

Mobility components of 33 nm with respect to 43 and 48 nm
are further extracted with Matthiessen’s rule. Corresponding
temperature power-law coefficient y is —0.66 and —0.73,
repectively, as shown in Fig. 5. In the previous work [6],
extracted mobility limited by interface plasmons has a y
of around —1, not differing much from those above. Other
additional scatterers are relatively insignificant: 1) the ballistic
mobility [15], because the presented samples are not short
enough [16]; 2) the process altered surface roughness, because
corresponding decreasing trend of mobility with Nj,y does not
exist in this letter (see Fig. 4); and 3) the process altered
gate oxide thickness, because the measured gate currents per
unit area do not differ much between samples (not shown
here).

According to our previous work [12], extracted mobility
in this letter is likely underestimated and must be corrected



CHEN et al.: PROBING LONG-RANGE COULOMB INTERACTIONS

- --- No Coulomb [2][4]
3000 — ——---- Full Coulomb [2][4]
2500 \ — Metal gate [2]
2000 \\\' Exp.

~ o Modified Exp.

Scaling rule in [2]: E
L L(nm) T_(nm)

Transconductance (S/m)

1000 . 100 56 1
o 50 238
235 1.4
‘a 1.8 07
500 | v=v,+v, ! ]
30 60 90 120 150

Metallurgical Channel Length (nm)

Fig. 6. Comparison of measured transconductance in this letter and those
from 2-D [2] (solid lines) and 3-D [4] (dotted lines) simulations. The data
are further changed such as to reflect the fact that gate oxide thickness in this
letter is 1.27 nm, while in [2], it is ~2.8- and 2-nm thick for 48 and 33 nm
channel, respectively. Because the transconductance is essentially proportional
to the equivalent gate oxide thickness, corresponding correction factor is made
to be 1.27/2.8 and 1.27/2, respectively.

by multiplying a factor of 1 + E, where E, is the error.
Fortunately, E, remains unchanged if an adequate tempera-
ture range is selected [12] (292-380 K in this letter). This
constitutes the merit of the proposed temperature-dependent
method. The correction case is shown in Fig. 5. Obviously,
the errors of Matthiessen’s rule do not affect the resulting y .
Further, temperature dependence of RCS limited mobility
is calculated directly quoting the literature formalism [17]
(see [17, egs. (11)-(15)]). Resulting y 1is positive, as
together plotted in Fig. 4 for a fixed charge density Ngx of
9 x 103 cm2 (close to those of [18] and [19] dedicated to
long-channel devices with high-k dielectrics). Evidently, such
high Ngx corresponds to a specific channel length between
48 and 83 nm, where the effect of source/drain plasmons
is likely to be weak. Here, we attribute the used high Njx
to defects highly localized near source and drain of short
channel devices [9] (also see the references therein), rather
than the whole gate oxide [18], according to a recent literature
[19]. Only in this situation, the calculated threshold voltage
shift will not be so large. Indeed, noticeable threshold voltage
change was not experimentally observed in this letter.
Further, 3-D electron plasmon scattering formalism [20]
(see [20, eq. (18)]) was directly cited to calculate plasmon
limited mobility in doped silicon. Such calculation is not
quite straightforward due to the strong couplings with other
scattering mechanisms such as impurity scattering, electron—
electron scattering, and phonon scattering (see the source [20]
for the comprehensive explanation). The result with a dopant
concentration of 1029 cm~3 is shown in Fig. 5. The calculated
and extracted plasmon limited mobility components exhibit the
same descending trend with the temperature. Finally, we show
in Fig. 6, a comparison between measured transconductance at
large drain voltage and those of simulated ones [2], [4], plotted
versus channel length. To make such comparison fair, the
data in this letter are modified by considering the gate oxide
thickness scaling [2]. Good agreements are evident, suggesting
that source/drain plasmons actually prevail in shorter devices.
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IV. CONCLUSION

We have experimentally probed long-range Coulomb inter-
actions due to plasmons in source and drain. Corroborative
evidence has thoroughly been established.
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