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Abstract— Oxygen-inserted (OI) Si channel nMOSFETs,
which allow the formation and maintenance of an undoped
epitaxial layer underneath the gate dielectric, are known to
provide higher ON-state current and have higher inversion-
layer carrier mobility compared to control silicon devices.
However, it is not clear if the enhancement in mobility is due
solely to reduced Coulomb scattering in the undoped layer. In
this study, cryogenic measurements down to 4.2K are
performed to deconvolve the contribution of phonon, surface
roughness, and Coulomb scattering mobilities to total mobility.
It is found that besides having reduced Coulomb scattering, due
to the undoped epitaxial layer, the OI samples also exhibit 53%
higher surface roughness mobility than the baseline samples.
Notwithstanding the improved OI sample mobility, a saturation
of the subthreshold slope at cryogenic temperature is still
observed, as in the baseline and other technologies. In this
paper, OI-Si nMOSFET mobility equations and empirical
subthreshold slope saturation equation are developed which
may be used for compact modeling from T = 330K to 4.2K.

Keywords— Surface Roughness Mobility, Oxygen-insertion,
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I. INTRODUCTION

xygen-inserted (OI) Si channel Metal-Oxide-

Semiconductor Field Effect Transistors (MOSFET) are
so-called because they include the insertion of partial mono-
layers of oxygen atoms during epitaxy of the uppermost
region of the silicon substrate, near the gate dielectric.
Oxygen-insertion has been shown to improve various critical
figures of merit in MOSFETs (Fig. 1) [1]-[6]. The inserted
oxygen atoms are bonded covalently on Si-Si bonds while
maintaining the overall silicon crystalline structure. Due to
the high electronegativity of oxygen atoms and resulting
electronic transfer with adjacent silicon atoms, the formation
enthalpy of substitutional dopants and silicon point defects is
modified, resulting in the trapping of defects and interstitials
[1]. This can suppress oxidation-enhanced diffusion,
enabling precise substrate doping profile control [2] and
maintaining an undoped epitaxial layer above the OI layer
even after subsequent high thermal-budget gate oxidation
steps and activation anneals. As a result, the inversion layer
electron mobility can be improved substantially due to
reduced Coulomb scattering [3][4].

It is also known that OI-MOSFETSs can enable improved
gate dielectric quality metrics. For example, lower Negative
Bias Temperature Instability (NBTI) [5] and reduced gate
leakage current in both poly-Si/SiON [3] and High-«x-Metal-
Gate stacks [6] have been observed. It is believed that these
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Fig. 1. Illustrations of the gate/channel stack of the baseline "STD" device
(left) and the OI “MST” device (middle). The right figure shows a TEM
picture of a "MST" device. Note that the OI layers are difficult to see in the
TEM because they are partial monolayers and the silicon crystal lattice is
maintained.

improvements are due, at least in part, to an exchange of
oxygen atoms between the OI layer and the gate oxide during
annealing. The exchange of oxygen between the OI layer and
the gate oxide is evident from a recently reported isotope
labeling experiment [1]. Hence, mobility improvement can
also result from a reduction in surface roughness scattering.

Therefore, in order to understand better the physics of OI
devices, and in particular their improved mobility, it is
necessary to deconvolve the contributions of Coulomb
scattering, surface roughness scattering, and phonon
scattering. This requires performing mobility extraction
down to 4.2K so that the phonon scattering component can be
isolated.

Cryogenic electronics have gained significant attention in
recent years due to their important role in quantum computing
control [7], deep space exploration electronics [8], and
cryogenic computing hardware for high-speed servers [9].
Therefore, the modeling of cryogenic MOSFETs becomes
more important which includes the modeling of the carrier
mobility [10]-[13], leakage mechanism [14], and the
subthreshold slope (S.S.) [12][14][15]. It should be noted that
the S.S. of a MOSFET is expected to reduce linearly with the
temperature by following the Boltzmann statistics, kT/q,
where k, T, and q are the Boltzmann constant, device
temperature, and elementary charge, respectively. However,
at T < 50K, it is found that S.S. saturates in the range of
10mV/dec to 20mV/dec. This may be explained by the band-
tail states [10] or dielectric/channel interface traps [12][16],
which is supported by an increase in 1/ f noise at cryogenic
temperature [17]. Regardless of the cause of the abnormal
S.S., it is important to investigate the S.S. saturation behavior,



as oxygen exchange is a major mechanism in OI-MOSFETs.
Therefore, in this paper, we deconvolve the contribution of
various scattering mechanisms to the improvement of
electron mobility in OI-MOSFETs and compare the
cryogenic S.S. saturation behavior to regular MOSFETs. OI-
MOSFET mobility equations and empirical S.S. slope
saturation equation are developed which may be used for
compact modeling from T = 330K to 4.2K

II. EXPERIMENT

Two wafers (dubbed as "STD" and "MST6nm") were
fabricated using a 0.18 pm commercial CMOS technology
which is commonly used for power IC (Fig. 1) [18][19]. A
standard wafer, "STD", was fabricated using the baseline
process. A non-standard wafer, "MST6nm", was fabricated
using the same process as "STD" except that the starting
substrate included an epitaxial layer containing four oxygen
partial monolayers followed by a 13 nm undoped Si epitaxial
layer, to target final Si cap of 6nm to taking into account 7nm
Si loss by pre-clean and oxidation processes. The well
implants were also adjusted to have a similar maximum
depletion width, and thus similar minimum depletion
capacitance  during the  voltage-capacitance (CV)
measurements. The effective substrate doping is about
1.9x10"7 em™. The gate oxide thickness is about 12.5nm as
confirmed in the transmission microscopy measurement
(TEM) in Fig. 1. Large area transistors (W =120 um and L =
120 um) were fabricated for accurate CV extraction and to
avoid statistical variations and minimize the effect of contact
and lightly doped drain (LLD) resistance as is typical in
accurate mobility extraction methods [20].

The transistors (W/L =120 pm/ 120 pm) in the two wafers
were measured from 300 K to 4.2 K using a Lakeshore TTPX
probe station system with four arms. Liquid Helium was used
to cool down the sample with the temperature controlled by a
Lakeshore Model 336 temperature controller. The
temperatures were monitored by three sensors at the sample,
probe arm, and radiation shield, respectively. The temperature
reported below refers to the reading at the sample. To ensure
accurate and repeatable measurement, each 4.2 K
measurement was taken after the probe was in contact with the
test structure for more than 5 minutes. For the 4.2 K
measurement, the reading of the sample and probe arm
temperatures were 4.2 K and 10 K, respectively.

Both gate voltage-drain current (IpVg) and CV
measurements were performed to extract the electron mobility
and the S.S. For the IpV measurement, the drain voltage, Vp,
was set to 50 mV, and the gate voltage, Vg, was swept from 0
V to 6 V using Keysight E5262A IV Analyzer.

For the CV measurement, both full-CV and split-CV were
measured at 100kHz with 25 mV small signal amplitude and
long integration. Vg was swept from -6 V to 6 V. In the full-
CV measurement, the drain, source, and body were grounded
and it was performed for a sanity check to ensure the
measurement was normal at various temperatures and for the
verification of the maximum depletion width. For the split-CV
measurement, it was the same as the full-CV measurement
except the body was allowed to float to enable an accurate
extraction of the inversion charge for mobility calculation.
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Fig. 2. The full-CV (left), split-CV (middle), and Ip-V¢ curves measured at
various temperatures. Dashed lines are "STD" and solid lines are
"MST6nm". For clarity, only 292 K and 4.2 K are shown in the CV curves.
Vp = 0.05 mV in the Ip-Vs measurement.

III. MOBILITY MODELING

Fig. 2 shows the CV measurement results at various
temperatures. It can be seen that there is not much difference
between the "STD" and "MST6nm" and between 300K and
4.2K. Fig. 2 also shows the Ip-Vg curves at Vp = 50mV. It is
found that the current of "MST6nm" is much larger than that
of "STD" at 200 K and below because phonon scattering,
which is expected to be similar in both devices, becomes
insignificant and the impurity scattering dominates at low
temperatures. Since impurity scattering becomes stronger at
lower temperatures, the peak current in "MST6nm" (Vg =
4V), which has an undoped epitaxial layer, is higher than that
in "STD" by as much as 50% at 4.2 K.

Moreover, the Ip-Vg curves exhibit negative differential
resistance (NDR) at high Vi and low temperatures (< 100 K).
This is not due to gate leakage as the gate current is measured
to be of the order of 10 pA (the resolution limit of the IV
Analyzer). This is also not due to the dopant freeze-out effect
under the spacer region because the LDD resistance is
negligible compared to the channel resistance of the measured
long-channel device (L = 120pm). It is also noted that the
dopant freeze-out effect should be less at high Vg as the
electric field under the spacer is higher at higher Vg which
should mitigate the dopant freeze-out effect through field-
enhanced ionization [11]. Therefore, the NDR can be
explained purely due to the increase in surface roughness
scattering at the cryogenic temperature under high Vg which
is revealed when the phonon scattering diminishes [20].

Next, the contribution of impurity scattering and surface
roughness scattering to the overall improvement of the
"MST6nm" device was deconvolved. The electron mobility,
n, was extracted, following the standard split-CV method to
find the inversion charge, Qi, the depletion charge Qp, and the
vertical effective electric field, E1 [20].

Qrata given Vg is found by integrating the split-CV curve
from 0 V to Vg, Q; = fOVGC dV, after offsetting by the

minimum capacitance in the split-CV curve to account for
parasitic capacitance.

Qp is found by using the estimated effective uniform
substrate doping, Na = 1.9x10!'7 cm3, at various temperatures

using the equation, Qp = /2e,qN, P, where ¢, q, and O are
the Silicon permittivity, fundamental charge, and surface
potential, respectively [21]. @ = 2kT/q In(Na/n;), where n; is
the Si intrinsic carrier concentration [21]. At 4.2 K, since nj is
too low and causes numerical overflow, ® is setto 1.18 eV.
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Fig. 3. Electron mobility as a function of temperature and E, for the "STD"
(left) and "MST6nm" (right) devices. Solid lines are the mobilities extracted
using the Ip-Vg and split-CV curves. Dashed lines are fitting curves using

Egs. (1)-(4).

The mobility, p, is found by using the drain current
equation, Ipw = QiuVp/L, where Ipw is the drain current per
unit width. This equation is valid for small Vp such as in this
study (50 mV).

E. is found by using the equation E1 = (Qv/2 + Qp)/es at
each temperature and Vg [20].

u at different temperatures and Vg is then plotted against
the E. and shown in Fig. 3. Note that by extracting u and E1,
the differences in the CV curves and the threshold voltages
between the "STD" and the "MST6nm" are taken into account
automatically.

All the measured mobility data were then found
consistently deconvolved into Coulomb, phonon, and surface
roughness scattering components using the following simple

equations through Matthiesen’s rule (l =1+ =+ i), as
u ph  Hsr  HC
shown in Fig. 3:
fpn = 8.62 X 106T"175E 03 )
Hsr,stp = 850EL? 2)
HsrmsT = 1300E7? 3
ue = AQf “)

where postp and pgmst are the pg of the "STD" and
"MST6nm", respectively. The Coulomb scattering model,
Eq. (4), is an empirical model to capture the screening effect
by the inversion electrons, where A is a temperature-
dependent but field-independent pre-exponent. The phonon
scattering model, Eq. (1), uses the same power exponents to
T and E as those in [20][22] with the pre-exponent factor
modified to fit the experimental data for a wider temperature
range in this study. The power exponent of -2 in surface
roughness scattering, Eqs. (2) and (3), was theoretically
derived from 2DEG surface roughness scattering calculation
[22].

The "STD" and the "MST6nm" share the same equation for
uph and pc, revealing that the higher mobility at the medium
electric fields for "MST6nm" is due to reduced impurity in
the epitaxial layer, but not due to different equation forms nor
different physical mechanisms. Furthermore, the fact that
"MST6nm" and "STD" have the same E.-dependency
indicates that inversion electrons are confined to the SiO,/Si
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Fig. 4. Mobility analysis. Left: Experimental 300 K mobilities of "STD" and
"MST6nm" compared to universal mobility [20]. Right: Experimental 4.2
K mobilities of "STD" and "MST6nm" compared to fitted mobility for
MST6nm, W, using either pg, psr OF Uy, sTp-

interface by the triangular potential in the same manner for
the two samples. Hence, increased high-field mobility of
"MST6nm" at low temperatures is attributed to a 53% larger
W pre-exponent factor compared to "STD".

To clearly show the improvement of pg in MST, Fig. 4
plots the experimental total mobility for "STD" and
"MST6nm" compared to universal mobility at 300K [20]. At
high E1 (> 0.6 MV/cm), the mobility of "MST6nm" is 10%
higher than that of "STD" and exceeds the universal mobility
curve. Fig. 4 also shows the experimental mobilities at 4.2K
on a linear scale. The proposed model fits the “MST6nm”
experimental curve very well. It is also shown that if the
Usr msT 18 Teplaced by pg,. srp in Matthiesen’s rule, the total
mobility (MSTp) is substantially lower and at high field, it
approaches the “STD” experimental values. Therefore, the
experimental data shows that high-field surface roughness
scattering of NMOSFET on the Si channel can be improved.
It should be noted that surface roughness scattering becomes
more significant for more advanced nodes, where inversion
carriers are exposed to higher vertical E -fields since Vpp and
V1 do not scale as Dennard’s scaling rule projects [23].

IV. SUBTHRESHOLD SLOPE MODELING

The S.S. extracted between Ip = 10*A and Ip = 107°A is
plotted in Fig. 5. It can be seen that despite the better pg, in
"MST6nm" and the fact that oxygen exchange between the
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Fig. 5. Subthreshold slope (S.S.) of the "STD" and the "MST6nm" at VD
=50mV as a function of temperature. MST fitting curve based on Eq. (5)
is also plotted.



gate oxide and the OI occurs during the gate oxidation process,
it still exhibits the S.S. saturation effect as in the "STD" and
other technologies. However, the "MST6nm" has almost 25%
lower S.S. than the "STD" at 4K.

To model this, the following equation is derived and
plotted in Fig. 5, which fits the data well,

tanh a(T-Tg)+1
2

tanh a(Tc—-T)+1
2

SS = nkT

+ 5o 5)

where n=1.6 (non-ideality factor), T, = 65K (saturation
temperature), S,=20mV (saturation subthreshold slope), and
a=0.1 (smoothing factor).

V. CONCLUSIONS

Temperature-dependent Coulumb, surface roughness and
phonon scattering mobility equations, and sub-threshold
slope saturation equation are developed from 330K to 4.2K
for MST devices which can be used for compact modeling. It
also reveals that the surface roughness mobility is improved
by 53% in MST.
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