
Chin. Phys. B Vol. 29, No. 3 (2020) 038505

Role of remote Coulomb scattering on the hole mobility at cryogenic
temperatures in SOI p-MOSFETs∗
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The impacts of remote Coulomb scattering (RCS) on hole mobility in ultra-thin body silicon-on-insulator (UTB
SOI) p-MOSFETs at cryogenic temperatures are investigated. The physical models including phonon scattering, surface
roughness scattering, and remote Coulomb scatterings are considered, and the results are verified by the experimental results
at different temperatures for both bulk (from 300 K to 30 K) and UTB SOI (300 K and 25 K) p-MOSFETs. The impacts of
the interfacial trap charges at both front and bottom interfaces on the hole mobility are mainly evaluated for the UTB SOI
p-MOSFETs at liquid helium temperature (4.2 K). The results reveal that as the temperature decreases, the RCS due to the
interfacial trap charges plays an important role in the hole mobility.
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1. Introduction
The CMOS-compatible qubits in silicon[1–8] bring in-

creased interest in cryogenic CMOS (cryo-CMOS) electron-
ics, which provides the best choice for realizing the high
level of integration to manipulate a large number of qubits
reliably. Under this background, the ultra-thin body silicon-
on-insulator (UTB SOI) technology offers an attractive plat-
form to develop a scalable and hybrid quantum comput-
ing system.[9–12] Enhanced analog/digital performance of
28 nm UTB SOI technology down to liquid helium temper-
ature (4.2 K) for quantum computing has been demonstrated
experimentally.[13,14] However, the design of CMOS qubit-
control circuits at cryogenic temperatures is a difficult task,
since the physical modeling of cryogenic temperature MOS-
FETs operation is not so fully developed due to the sophisti-
cated physics at 4.2 K compared to room temperature.[15–19]

Thus, the cryo-CMOS device modeling and simulation down
to 4.2 K are not adequate yet.

The transport property of carriers is essential to
modeling[20,21] and simulation[22,23] of the MOSFETs.[24–27]

There has been extensive research into the surface roughness
scattering limited mobility,[28,29] while few attention has been
paid to the impacts of remote Coulomb scattering on the hole
mobility at cryogenic temperatures. Furthermore, the density
of interface trap charge increases evidently as the tempera-
ture decreases,[30] which can seriously affect the device per-
formance. Therefore, in this work, we aim at investigating the
impacts of remote Coulomb scattering. The temperature de-
pendence of the hole mobility in UTB SOI p-MOSFETs from

room temperature down to liquid helium temperature (300–
4.2 K) is comprehensively studied by considering the phonon
scattering, surface roughness scattering, and especially remote
Coulomb scattering arising from both the front and bottom in-
terfacial trap charges.

This work is arranged as follows. Section 2 shows the de-
tails of our method and verification for both bulk (from 300 K
to 30 K) and UTB SOI (300 K and 25 K) devices to evaluate
the transport property of UTB SOI p-MOSFETs at cryogenic
temperatures. In Section 3, we firstly analyze the influences
of the oxide trap charges from the front and bottom interfaces
independently, and then study their combined contributions to
the total hole mobility at 4.2 K.

2. Simulation method and verification
Figure 1 shows the gate stack of the UTB SOI p-

MOSFETs structure in the simulations. The silicon channel
is assumed to be undoped. The valence band structure ac-
counting for quantum mechanical confinement is computed
by solving the six-band k · p Schrödinger and Poisson equa-
tions in a self-consistent way.[31–33] The momentum relaxation
time (MRT) approximation and the Kubo–Greenwood formula
are used to calculate the hole mobility.[34,35] For the physical
modeling of the hole mobility, the following scattering mech-
anisms are considered: nonpolar acoustic phonon (AP) and
optical phonon (OP) scatterings, surface roughness (SR) scat-
tering, and remote Coulomb scattering (RCS). For the nonpo-
lar acoustic, optical phonon scatterings, and surface roughness
scattering, their corresponding scattering models are detailed
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described in Refs. [34,35]. Unless otherwise stated, Table 1
lists the key structure and scattering parameters in the simula-
tions.
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Fig. 1. The gate stack structure of the UTB SOI p-MOSFETs in the
simulations, where external charge centers in the front and bottom in-
terfaces are illustrated.

Table 1. Key structure and scattering parameters in the simulations.

Parameters Values
Surface/channel orientation (100)/[100]

EOT 0.5 nm
Ct 0.5

Surface correlation length (Λ ) 2.85 nma, 1.6 nmb

Surface average height (∆ ) 0.55 nma, 0.4 nmb

Acoustic deformation potential (Dac) 7.12 eVc, 9.65 eVd

Optical deformation potential (DK) 13.241×108 eV/cme

Optical phonon energy (h̄ω) 65 meVf

aSR parameters for fitting the measured mobility of bulk Si devices in

Ref. [39]; bSR parameters for fitting the measured mobility of UTB SOI de-

vices in Ref. [43]; cacoustic deformation potential Dac for bulk Si devices

from Ref. [45]; dacoustic deformation potential Dac for UTB SOI devices

from Ref. [45]; eoptical deformation potential for both bulk and UTB SOI

devices from Ref. [44]; foptical phonon energy for both bulk and UTB SOI

devices from Ref. [46].

For RCS, the calculation of MRT for hole inversion cor-
responding to different subbands is very complicated.[34] Ac-
cording to our calculations, the RCS matrix element for the in-
tersubband transitions in the same valley is at least two orders
of magnitude smaller than the intrasubband matrix element.
As the temperature decreases to 4.2 K, the matrix element for
the intersubband transitions can be completely ignored. Thus,
compared to the scattering rate of the intrasubband transitions,
the intersubband scattering rate in the same valley can almost
be negligible.[47] In this work, only intrasubband scattering is
considered, just the same as in Refs. [34,36–38]. This RCS
model simultaneously includes the effects of all the following
points: (i) distribution of external charged centers, (ii) carrier
distribution in the inversion layer, (iii) charged centers’ corre-
lation, (iv) image charges, (v) screening of charged centers by
the inversion mobile carriers. The MRT for RCS[25] of the i-th
subband is given by

1
τ i

RCS
= ∑

t

Nt

2π}

2π∫
0

kv(E,θ +β )
dkv(E,θ +β )

dE

×
[

e2
(

1− 2CtJ1(QRt)

QRt

)
×
∣∣Mi

t (Q,zt)
∣∣2] dθ ,

where Q= |k−k′|, k and k′ represent the electron wave vectors
before and after scattering, respectively, and θ is the scatter-
ing angle between the initial k and final k′ states. The external
charges’ distribution is modeled as two-dimensional (2D) sub-
layers parallel to the semiconductor–insulator interface. The
external charges’ centers of a sublayer are at plane z = zt (0
≤ zt ≤ Toxf or Toxf +TSi ≤ zt ≤ Toxf +TSi +Toxb) and the area
density is represented by Nt . Here, TSi is the silicon channel
thickness. Toxf and Toxb are the front and bottom buried ox-
ide thicknesses, respectively. In this work, we mainly investi-
gate the external charges at the front oxide/Si interface (Nitf)
and bottom Si/box interface (Nitb), as shown in Fig. 1. J1 is
the first-order Bessel function. Rt = Γ(3/2)× 1/(2(πNt)

0.5),
where Γ(3/2) is the gamma function. The charged centers’
correlation is also considered, and their degree of correlation
is indicated by a parameter Ct . Ct = 0 means the charges
distribution is completely random, while Ct = 1 refers to the
completely uniform distribution of the charges. In this work,
Ct = 0.5 is used. The matrix element |Mi

t (Q,zt)| presents the
interaction between carriers in the i-th subband at z = zt plane,
and is given by

∣∣Mi
t (Q,zt)

∣∣= ∫ L3

0
dzϕ(Q,z,zt)gi(z)×gi(z),

where gi(z) is the wave function in the i-th subband. The
Fourier transform of the scattering potential perturbations
ϕ(Q, z, zt ) is

ϕ(Q,z,zt) = eGQ(z,zt)−2εsc ∑
i

SS(i)
∫ L3

0
dz1GQ(z,z1)gi(z1)

×
∫ L3

0
dz2ϕ(Q,z2,zt)gi(z2),

where εsc refers to the permittivity of the semiconductor. The
screening constant SS shown in Ref. [38] has been considered
in the long-wavelength limit in this work, just the same as in
Ref. [49]. We employ a time-consuming self-consistent pro-
cedure to accurately calculate the potential perturbations pro-
duced by the external charged centers, which include the de-
pendence of the screening constant on Q. eGQ(z,z′) represents
the unscreened case, where GQ(z,z′) has been detailed de-
scribed in Ref. [37]. In particular, the employed RCS model is
valid for bulk, ultrathin double gate (DG), and single gate (SG)
silicon-on-insulator devices,[36–38] and can directly take the
impacts of temperature into account, which fulfils the needs
to study the impacts of RCS on hole mobility at cryogenic
temperatures. In this work, the UTB SOI p-MOSFETs oper-
ated only in SG mode are considered in all simulations, where
the front gate is biased at Vfg, and the bottom gate is grounded.
The trap charges located at the front and bottom interfaces that
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are considered in the following can be treated as a kind of ex-
ternal charges in the above RCS model.

The results shown in Figs. 2(a)–2(c) reproduce well the
experimental data of bulk silicon devices from 300 K to 30 K
in Ref. [39]. For SR scattering, ∆ = 0.55 nm and Λ = 2.85 nm
are adopted by calibration with the experiment. For bulk de-
vices, the trap charges are assumed to be at the front ox-
ide/Si interface, and Nitf is set to be 3× 1010 cm−2 at 300 K,
3.0×1011 cm−2 at 77 K, and a higher value of 4.0×1011 cm−2

at 30 K, which can be explained by an increase of interface trap
states density as the temperature decreases.[30]
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Fig. 2. Calculated hole mobility (lines) versus inversion density at dif-
ferent temperatures: (a) 300 K, (b) 77 K, (c) 30 K. Symbols are for the
measured hole mobility.[39] These results verify our simulation method
and parameters listed in Table 1 for a wide range of temperatures in the
bulk devices.

To verify our method for the UTB SOI p-MOSFETs, we
reproduce well the experimental data[43] of 7 nm-thick-body
undoped UTB SOI for both 300 K and 25 K, as shown in
Fig. 3. Here, the acoustic deformation potential Dac is set to
a higher value of Dac = 9.65 eV[45] than the value adopted in
the bulk silicon devices, in agreement with Ref. [34], which
is the reasonable way[48] for the need to reproduce the experi-
mental data for SOI devices. ∆ = 0.4 nm and Λ = 1.6 nm are
used for the SR scattering parameters, which are significantly
different from those in Fig. 2 as the interface quality strongly
depends on the fabrication process. For RCS, the trap charges
at both front and bottom interfaces are considered for the UTB
SOI devices, where charge density Nitf at the front interface
can be less than or equal to charge density Nitb at the bottom
interface.[40–42] Thus, Nitf and Nitb are respectively set to be
4×109 cm−2 and 8×109 cm−2 at 300 K, while much higher
values of 3.75× 1011 cm−2 and 3.8× 1011 cm−2 are adopted
at 25 K to fit with the experimental data. As mentioned above,

this increase of the interface trap density with the decrease
of the temperature is consistent with the experiment.[30] As
the excellent agreement in Figs. 2 and 3 verifies our physical
models and parameters listed in Table 1 for different tempera-
tures, our simulations methods can then be reliably employed
to further evaluate the hole mobility down to 4.2 K. Note that
the above-mentioned SR and phonon scattering parameters ex-
tracted from the UTB SOI device are adopted to the simula-
tions of 7 nm-thick-body undoped UTB SOI p-MOSFETs in
the following.
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Fig. 3. Calculated hole mobility versus inversion density at (a) 300 K
and (b) 25 K for 7 nm-thick-body (100)/[100] UTB SOI p-MOSFETs.
Symbols are for the measured hole mobilities.[43] ∆ = 0.4 nm and
Λ = 1.6 nm are used for the SR scattering parameters. These results
verify our simulation method and parameters listed in Table 1 for a wide
range of temperatures in the UTB SOI devices.
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Fig. 4. Calculated hole mobility versus inversion density for 7 nm-
thick-body (100)/[100] UTB SOI p-MOSFETs at 4.2 K, where Nitf =
3.75× 1011 cm−2 and Nitb = 3.8× 1011 cm−2 are adapted here. ∆ =
0.4 nm and Λ = 1.6 nm are used for the SR scattering parameters.

In order to more clearly show the variation of the types of
dominant scattering mechanisms from 300 K to 4.2 K, the hole
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mobility at 4.2 K is also calculated as shown in Fig. 4. Partic-
ularly, the contributions of different scattering mechanisms to
the total mobility are also shown in Figs. 3 and 4, revealing
that the dominant scattering mechanism is significantly differ-
ent at different temperatures and different inversion densities.
At high temperature, phonon scattering is dominant. How-
ever, as the temperature decreases to 4.2 K as shown in Fig. 4,
its impact is almost negligible, while RCS and SR scatterings
then become the two dominant scattering mechanisms. What
is more, since the effect of screening is weak due to the low
inversion hole density, RCS has a dominant influence on the
hole mobility at low hole density. It should be noted that with-
out considering RCS, the calculated mobility cannot be fitted
to the experimental results at low hole density, further suggest-
ing the significance of RCS. On the other hand, SR scattering
then has a major impact at high hole density since the screen-
ing effect of the inversion hole suppresses the RCS.

3. Results and discussion
3.1. Impacts of the front interface and oxide trap charges

Temperature dependent hole mobilities including the im-
pacts caused by the trap charges at the front SiO2/Si inter-
face for 7 nm-thick-body (100)/[100] UTB SOI p-MOSFETs
are investigated, where Nitf 6= 0 and Nitb = 0. Figure 5(a)
shows the RCS limited mobility without screening versus tem-
perature (4.2–300 K) with three different values of Nitf at
Ns = 2× 1012 cm−2. When the temperature is below 30 K,
the unscreened RCS limited mobility tends to be almost con-
stant. However, when the temperature is greater than 30 K, the
unscreened RCS limited mobility decreases as the temperature
decreases, so the scattering due to the interaction between the
trap charges and inversion carriers increases as the tempera-
ture decreases. Actually, the RCS rate depends on not only the
scatterings due to the interaction between the trap charges and
inversion carriers but also the screening by the inversion car-
rier charges. As the screening constant SS can directly repre-
sent the screening effect, we adopt average screening constant
SSave defined as

SSave =

Nsub
∑

i=1
SS(i)×N(i)

Nsub
∑

i=1
N(i)

,

where Nsub represents all the subbands, and N(i) and SS(i)
are the carrier density and screening constant of the i-th sub-
band, respectively. The trend of parameter SSave versus tem-
perature at Ns = 2× 1012 cm−2 is plotted in Fig. 5(b). The
value of SSave is larger, the corresponding screening effect is
more significant. As the temperature is below 30 K, the aver-
age screening effect tends to be small temperature dependent,
and this result coincides with the results in Ref. [49]. When

the temperature is above 30 K, the average screening effect in-
creases as the temperature decreases. Thus, the screening ef-
fect versus temperatures has almost the same trend compared
with that of the scattering due to the interaction between the
trap charges and inversion carriers. The RCS limited mobil-
ity with screening effect versus temperature (4.2–300 K) with
three different values of Nitf at Ns = 2× 1012 cm−2 is plotted
in Fig. 6(a). Obviously, the RCS limited mobility in Fig. 6(a)
is the results due to the combined contributions of both the
scattering and screening effects mentioned above, which are
respectively shown in Figs. 5(a) and 5(b). Thus, for the un-
screened one, the scattering due to the interaction between
the trap charges and inversion carriers plays a dominant role.
However, as for the screened case, the impact of the screening
effects by the inversion carrier charge on the RCS limited mo-
bility is more dominant. On the other hand, when Nitf increases
from 4× 109 cm−2 cm−2 to 3.75× 1011 cm−2, the RCS lim-
ited mobility almost proportionally decreases as the change of
orders of magnitude of the trap density.
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Fig. 5. (a) The RCS limited mobility without screening versus tem-
perature (4.2–300 K) with three different values of Nitf at Ns = 2×
1012 cm−2. (b) The average screening constant SSave versus temper-
ature at Ns = 2×1012 cm−2.

Figure 6(a) also plots the SR and phonon scattering lim-
ited mobility versus temperature (4.2–300 K). The phonon
limited mobility increases monotonically with decreasing tem-
perature, while the SR scattering limited mobility has almost
an opposite temperature dependence. As the temperature de-
creases, electrons are given less kinetic energy so that they
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are more vulnerable to SR scattering, leading to the reduc-
tion of the SR limited mobility. However, when the tempera-
ture is below 30 K, the SR limited mobility becomes almost
temperature independent. Figure 6(b) shows the temperature
dependence of the corresponding total hole mobility. For all
Nitf cases, the hole mobility increases as the temperature de-
creases. What is more, the hole mobility at 4.2 K is an order of
magnitude higher than that at 300 K whatever the trap charge
density is. For example, at high Nitf of 3.75×1011 cm−2, the
hole mobility at 4.2 K is 642 cm2/V·s, and in contrast its value
is only 79 cm2/V·s at 300 K.
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used for the SR scattering parameters.

Compared with the phonon scattering, the RCS and SR
scattering have dominant effects on the hole mobility at 4.2 K,
and thus the hole mobility is evaluated by considering only
RCS (with screening) and SR scattering in all simulations
below. Figure 7 shows the calculated hole mobility ver-
sus hole inversion density with two Nitf taken the experi-
mentally extracted values[16] at 4.2 K. At low hole density
(Ns = 8.3×1011 cm−2), the total hole mobility is 311 cm2/V·s
and 39 cm2/V·s for Nitf of 8×1011 cm−2 and 8×1012 cm−2,
respectively. Thus, the increase of Nitf by an order of mag-
nitude can produce a decrease of the total hole mobility by
the almost same order of magnitude. However, at high hole
density (Ns = 9.7× 1012 cm−2), the total hole mobility is
209 cm2/V·s for Nitf = 8× 1011 cm−2. As the value of Nitf

rises up to 8× 1012 cm−2, the total hole mobility is reduced
to 106 cm2/V·s. These results suggest that the RCS induced

change of the hole mobility becomes smaller at higher hole
inversion density due to the stronger screening effect.
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Additionally, to reveal the impact of the position of the
trap charges in the front gate oxide on the hole transport prop-
erties, two effective oxide thicknesses (EOT) of 0.5 nm and
1.0 nm are considered with two kinds of trap charges positions
(zt = 0 and zt = Toxf). Figure 8 plots the calculated mobility
versus hole sheet density for the trap charges in two differ-
ent positions in the front oxide with the same Nitf at 4.2 K.
If the impacts of the front SiO2/Si interfacial trap charges are
mainly considered (zt = Toxf), the RCS limited mobility dif-
ference is very small for different values of EOT. However, for
the same EOT case, the RCS limited mobility is decided by
the positions of the trap charges. For example, for the EOT
= 1 nm case, the trap charges’ position of zt = 0 (red line) is
farther away from the inversion carriers compared with that of
zt = Toxf (blue line), so its corresponding RCS limited mobility
(red line) is larger.
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Λ = 1.6 nm are used for the SR scattering parameters.

3.2. Impacts of the bottom interface trap charges

Trap charges at the bottom buried interfaces play a more
dominant role in remote Coulomb scatterings compared with
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those inside the buried oxide.[40] Thus here we mainly focus
on the impacts of trap charges at the bottom interface, where
Nitf = 0 and Nitb 6= 0. The calculated hole mobility versus
hole sheet density with two different Nitb for 7 nm-thick-body
(100)/[100] UTB SOI p-MOSFETs at 4.2 K is shown in Fig. 9.
At low hole density, an order of magnitude increase of Nitb also
brings an order of magnitude decrease in the hole mobility, as
Nitb increases from 8× 1011 cm−2 to 8× 1012 cm−2, which
indicates that the impacts of the trap charges at the bottom in-
terface on the mobility become more important. Moreover, at
high hole density (Ns = 9.7× 1012 cm−2), the total hole mo-
bility is 226 cm2/V·s with Nitb = 8×1011 cm−2. As the value
of Nitb reaches up to 8×1012 cm−2, the total hole mobility is
reduced to 145 cm2/V·s.
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Fig. 9. Calculated hole mobility versus hole inversion density with Nitb
of 8×1011 cm−2 and 8×1012 cm−2 considering RCS and SR scatter-
ing in 7 nm-thick-body (100)/[100] UTB SOI p-MOSFETs at 4.2 K.
∆ = 0.4 nm and Λ = 1.6 nm are used for the SR scattering parameters.

3.3. Impact of trap charges at both interfaces on the hole
mobility at 4.2 K

For comparison, the hole mobility considering the im-
pacts of both interfaces with Nitf and Nitb of 8×1011 cm−2 and
8× 1012 cm−2 for 7 nm-thick-body (100)/[100] UTB SOI p-
MOSFETs is plotted in Fig. 10. A pair of numbers (Nitf, Nitb)
(expressed in units of 1012 cm−2) is used to represent each
curve. For example, curve (8, 0) represents the case of Nitf =

8×1012 cm−2 and Nitb = 0, curve (0, 8) represents the case of

Nitf = 0 and Nitb = 8×1012 cm−2, and curve (8, 8) represents
the case of Nitf = 8×1012 cm−2 and Nitb = 8×1012 cm−2. At
low hole density (Ns of 8.3×1011 cm−2), if RCS is neglected
(that is, only SR is considered), the total mobility is about
2805 cm2/V·s. However, when RCS due to only front inter-
face trap charges is considered, the total mobility is reduced to
311 cm2/V·s. If the impacts of the front and bottom interface
trap charges are simultaneously considered, the total mobility
is further reduced to 168.6 cm2/V·s. The values of mobility
under two interfacial trap charge densities for both weak and
strong inversion are detailed listed in Table 2. Apparently, the
trap charge at the front interface has more significant impacts
on the mobility than that at the bottom interface at high hole
density, as the corresponding carrier centroid distribution is
nearer the front interface. However, at low hole density, it is
clear that the trap charge of the bottom interface has compara-
ble impacts on the mobility to that of the front interface, as the
corresponding carrier centroid distribution tends to be sym-
metrical with respect to both the front and bottom interfaces.
Therefore, as the temperature is reduced to 4.2 K, the impacts
of the trap charges at both interfaces on the mobility should be
considered simultaneously in thin UTB SOI devices.
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Fig. 10. Comparison of calculated hole mobility considering RCS and
SR scattering in 7 nm-thick-body (100)/[100] UTB SOI p-MOSFETs
at 4.2 K with both interfaces having the same trap charges density.
The charged center densities at the front (Nitf) and bottom (Nitb) in-
terfaces are represented by a pair of numbers in the units of 1012 cm−2.
∆ = 0.4 nm and Λ = 1.6 nm are used for the SR scattering parameters.

Table 2. Hole mobility (in cm2/V·s) at different Ns for different (Nitf,Nitb) (in 1012 cm−2).

Ns/cm−2 (0,0) (0.8,0) (0,0.8) (0.8,0.8) (8,0) (0,8) (8,8)
µsr µrcs/µsr+rcs µrcs/µsr+rcs µrcs/µsr+rcs µrcs/µsr+rcs µrcs/µsr+rcs µrcs/µsr+rcs

8.3×1011 2804 350/311 368/326 179/169 37/37 39/39 19/19
9.7×1012 242 1524/209 3326/226 867/189 187/106 360/145 103/72

4. Conclusion

The impacts of remote Coulomb scattering on hole mobil-
ity in UTB SOI p-MOSFETs at cryogenic temperatures (from
300 K to 4.2 K) are evaluated. At 4.2 K, phonon scattering can
be almost negligible, and RCS and SR scattering are the two

dominant scattering mechanisms. RCS has a dominant effect

on mobility at low hole density, while SR has a major impact

on the mobility at high hole density. The trap charges at the

bottom buried interface has comparable important impacts on

the total mobility to that at the front oxide/Si interface in thin
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body thickness UTB SOI p-MOSFETs at 4.2 K. Particularly,
the hole mobility at 4.2 K is higher than that at 300 K. The
results are helpful for modeling and simulation of CMOS cir-
cuits at cryogenic temperatures.
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