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Abstract—28 nm FD-SOI technology is electrically characterized aiming at cryogenic applications. Electrostatics and
transport are evaluated and compared while lowering temperature from 300 K down to 4.2 K. Split CV technique is
applied in both long and short channel transistors thanks to multiple parallel structures designed to increase the gate area.
FD-SOI versatility is shown over a wide temperature range of operation, as the back gate tuning efficiency is preserved at
low temperatures. Insights on back gate bias behavior at room and low temperatures are obtained and the electrostatic
coupling between front and back channels can be successfully modelled by using 1D Poisson-Schrodinger calculation
from 300 K down to 4.2 K. A generic form of empirical models for the effective mobility is found to be useful for
cryogenic operation, since the phonon scattering contribution presents strong temperature dependence. While long
channel MOSFETs exhibit strong mobility improvement, short channel transistors show lower mobility gain with
temperature reduction.

Keywords— FD-SOI, cryogenic applications, electrostatics, transport, back bias

L INTRODUCTION

Since the 80’s, the CMOS technology has been showing its advantages in cryogenic environments [1], [2],
targeting a wide range of temperature applications, such as high performance computing, high energy physics, and the
space field [3]-[5]. Researches on low-frequency noise and device modeling of MOSFETSs operating at liquid-nitrogen
(77 K) and liquid-helium (4 K) temperatures were already available in 1989 [6], [7]. Recently, the interest of operating
CMOS circuits at deep cryogenic temperatures has been significantly boosted due to its applicability to control and read-
out circuitry for quantum computers [8]—[10].

In this context, Fully-Depleted Silicon-On-Insulator (FD-SOI) technology appears as a valuable solution for the
co-integration of qubits and control electronics [11]-[15]. 28 nm FD-SOI MOSFETs in particular have shown great
performance down to 4.2 K [16], [17]. The threshold voltage (Vtn) high tunability of ultra-thin body and buried oxide
(UTBB) MOS transistors, which is kept below 1 K, is pointed as one of the key advantages of the technology for
performance optimization and circuits design at low temperature [18], [19]. Because of this, the study of the back bias
(Vg) influence, and therefore the front and back channels coupling, is of high importance. So far however, these aspects

have not being deeply explored in advanced FD-SOI CMOS for cryogenic operation [20], [21]. Although [22] presented
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an analysis of back bias effects of 28 nm FD-SOI MOSFETs down to 4.2 K, only long channel transistors were
evaluated, and mainly focusing on the electrostatics behavior.

Aiming to fill the gap of available studies in literature, in this work we extend the results presented in [22], by
performing additional extensive electrical characterization down to 4.2K. This time we focus not only on long channel
transistors, but also in short channel MOSFETs. The effective carrier mobility (uesr) extracted from split C-V
methodology is evaluated for short and long channel FD-SOI transistors for the first time, at deep cryogenic
temperatures, in particular accounting for the Vg effect.

The paper is organized as follows: Section II details the devices characteristics (Section II-A) and their overall
performance down to 4.2 K (Section II-B). Section III presents the study on the electrostatics and front/back channels
coupling by means of gate-to-channel capacitance (Cgc) curves, for long (Section III-A) and short channel (Section III-
B) MOSFETs. Section IV presents results on transport parameters for long (Section IV-A) and short channel (Section I'V-

B) MOSFETs. Finally, Section V points out the main conclusions of this work.

II. 28 NM FD-SOI MOSFETS
A.  Devices Characteristics

The measurements were performed on 28 nm FD-SOI MOSFETSs with Silicon thickness of 7 nm and a buried
oxide thickness of 25 nm [23]. N-type and PMOS transistors are processed from (100) handle substrate, with <100>-
oriented channel, and high-k/metal gate (HKMG) Gate-First architecture, using the standard process. Long (L > 1um)
and short (L = 28 nm) channel MOSFETs were characterized in this work, using a manual cryogenic probe station, from
300 K down to 4.2 K. For the long channel transistors, both thin (GO1, with effective oxide thickness, EOT, of 1.1 nm)
and thick (GO2, with EOT = 3.2 nm) front gate oxide devices were analyzed.

Regular (RVT) and low (LVT) threshold voltage (Vtn) transistors were obtained with a doped back plane (N-
well or P-well, with typical doping concentration in the order of 10'® cm™) below the buried oxide. Figure 1 shows
schematics of the studied structures, where RVT MOSFETSs were designed to allow reverse back biasing (RBB), whereas

LVT MOSFETs allow forward back biasing (FBB).
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Figure 1. Schematics of 28 nm FD-SOI N- and PMOSFETs with regular (RVT) and low (LVT) threshold voltage flavors.
Vs p and VN indicate the back bias voltages applied at the PMOS RVT and at the NMOS LVT, respectively.

B.  FD-SOI performance at cryogenic temperatures
Figure. 2 shows the drain current (Ips) normalized by the channel width (W) as a function of the front gate

voltage (Vgs), at 300 K and 4.2 K, and at low drain bias (Vps = 50 mV). At Vg = 0 V, in linear scale, the arrows indicate



both the threshold voltage and the ON-state current increase with temperature lowering, which leads to the curves
crossing at the voltage point known as ZTC (zero temperature coefficient). In logarithmic scale, the arrow indicates the
high improvement in performance considering both subthreshold slope (SS) and OFF-state current (Iorr) decrease
achieved at cryogenic temperatures. By forward back biasing the transistor with Vg = 2 V, at low temperature, the

Ips(Vas) characteristics can be shifted in order to obtain the same Vty as at 300 K, while the benefits of improved SS, Ionx

and Iorr are kept.
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Figure. 2. Normalized drain current as a function of the front gate voltage in linear (a) and logarithmic (b) scales. Short

channel NMOS GO1 LVT at 300 K (Ve =0V) and 4.2 K (VB =0V and 2 V), at Vps = 50 mV. The subthreshold slope is indicated for

each temperature condition.

Figure. 3 presents SS as a function of T for GO1 and GO2 NMOS. The subthreshold slope values were extracted
from 0Vgs/0log(Ips) curves at Ips = 500 pA. From room temperature down to 4.2 K, SS improves about one order of
magnitude. As observed in Figure. 2, thanks to this subthreshold slope decrease with T lowering, Iorr is reduced by
several orders of magnitude. In fact, Iorr is found to be below the equipment accuracy (< 1 fA). Moreover, it is possible
to observe that SS follows a linear dependence with T, according to the theoretical limit trend, down to around 30 K, for
both GO1 and GO2 devices. The subthreshold slope saturation below 30 K is explained by a broadened tail in the density
of states at the band edges, as discussed in [24], [25]. At higher T, the deviation of SS from the theoretical limit is due to
short channel effects, since SS = In(10).k.T/q is only valid for long channel transistors. Higher SS is found for short

channel GO2 in comparison to GO1, as expected due to the thicker front gate oxide and smaller gate control over the

charges in the channel.
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Figure. 3. Subthreshold slope as a function of temperature for NMOS LVT GO1 and GO2, at Vg =0 V and Vps = 50 mV.

The dashed line indicates the theoretical limit value for the subthreshold slope at each temperature condition.

Figure. 4 presents Vry as a function of L (a) and Vg (b), at 300 K and 4.2 K, and at Vps = 50 mV. Results were
extracted at constant drain current level given by Ips = 107xW/L. By forward back biasing the LVT MOSFETs, it is
possible to reduce Vry at 4.2 K to its former value at 300 K, or even lower, in order to maintain the gate voltage
overdrive, and thus reduce power consumption. Figure. 4.b indicates that the back bias efficiency, i.e. the body factor (y

= AV1a/AV3g) does not depend on L or T, once y around -90 mV/V is kept at 300 K and 4.2 K, for L = 28 nm and 1ym.
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Figure. 4. Measured threshold voltage as a function of the channel length (a) and the back bias (b) for NMOS GO1 LVT, at
300 K and 4.2 K, and at Vps = 50 mV.

Table I presents the extracted values of y for each one of the MOSFETs available in the 28 nm FD-SOI
technology, GO1/GO2, LVT/RVT, N/PMOS. Comparing room and low temperatures, the change in the body factor is
found to be lower than 7 % for all devices, showing that Vg remains effective down to 4.2 K. The LVT and RVT flavors
offer very large threshold voltage tuning by means of forward and reverse back biasing, up to = 0.82 V and 1.60 V for

NMOS GOI1 and GO2, respectively, at 4.2 K [23].
TABLE I. EXTRACTED BODY FACTOR FOR ALL MOSFETS AVAILABLE IN THE 28 NM FD-SOI TECHNOLOGY.

Body factor, y (mV/V)




300 K 42K

NMOS -89 -93
LvTr
PMOS -81 -80
GO1
NMOS -59 -59
RVT
PMOS -65 -68
NMOS -159 -170
LvTr
PMOS -150 -160
GO2
NMOS -123 -122
RVT
PMOS -130 -138

The validation of back bias efficiency and threshold voltage tuning down to 4.2 K confirms that 28 nm FD-SOI
technology maintains its unique and powerful strategy to optimize its performance, and allows proper analog design of
circuits for cryogenic applications [18].

Once the forward back biasing is more relevant for cryogenic applications than the reverse back biasing, due to
significant Vty increase with temperature lowering, only LVT transistors will be considered for the analysis in the next

Sections.

III. ELECTROSTATICS AND FRONT/ BACK CHANNELS COUPLING

A. Long channel MOSFET

Figure 5 presents Cgc as a function of Vgs from 300 K down to 4.2 K for N-type and PMOS, GOl LVT
transistors. Lines and symbols indicate experimental data and 1D Poisson-Schrodinger (PS) calculation [26],
respectively. Good fitting of the 1D PS model is obtained with respect to the experimental measurements, by considering
EOT equal to 1.1 nm for GO1 and 3.25 nm for GO2 MOSFETs. Moreover, it is possible to observe that the electrostatics
of the FD-SOI transistors can be fully captured from room temperature down to 4.2 K by the 1D PS calculation
applicable at all temperatures. In particular, the threshold voltage increase and the change in the Cgc slope are well

described by the model.
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Figure 5. Measured (lines) gate-to channel capacitance as a function of the front gate voltage for N- and PMOS, GO1 LVT
devices, from 300 K down to 4.2 K, at Vs =0 V. (W =L = 10 um). Corresponding calculation by 1D Poisson-Schrodinger model is
indicated (symbols).



The back bias influence on the Cgc curves is presented in Figure 6 for NMOS GO1 LVT at 300 K (a) and 4.2 K
(b). The comparison between experimental data (lines) and 1D PS calculation (symbols) indicates that the back bias
influence can be well described by the model down to 4.2 K. In Figure 6 (a) and (b), for Vg <0 V, the slopes between the
minima and maxima Cgc values correspond to the inversion of the front channel (FC). For positive Vg, the onset of a
back channel (BC) can be observed, in addition to the FC, especially in the Cgc curves of Figure 6 (b). The same effect is
observed for PMOS with FBB (not shown). The corresponding Cgc derivative curves, 0Cgc/OVgs, are presented in
Figure 6 (c) and (d) for the measurement results. The activation of the FC and BC can also be distinguished in the
0Cgc/0Vgs curves. At high FBB, one can observe two peaks in Figure 6 (c) and (d). The first one, at lower Vgs, changes
with Vp and indicates the front gate voltage value necessary to activate the BC. The second one is fixed with Vp and
indicates the threshold voltage of the FC when the BC is operating in inversion regime. By comparing the 0Cgc/0Vas
curves at room and low temperatures, in Figure 6 (c) and (d), it is possible to state that it is easier to distinguish the FC
from the BC peaks at 4.2 K. On the same way, for the two plateaus in the Cgc curves in Figure 6 (a) and (b), the front and
back channels seem to be better defined at 4.2 K, as highlighted by the dashed lines. This phenomenon will be discussed

later.
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Figure 6. Measured gate-to-channel capacitance (a) and (b), and corresponding derivatives (c) and (d), as a function of the
front gate voltage, varying Vs. The corresponding 1D PS model is indicated in symbols in the Cgc curves. Results are presented at 300

K (top) and 4.2 K (bottom), for NMOS LVT GO1. (W =L =10 pm).

Figure 7 shows the FC and BC threshold voltages extracted at 4.2 K from 0Cgc/0Vgs peaks in Figure 6. The
bias conditions required to activate front and/or back channels are also emphasized in Figure 7 along with respective
schematics for each of the three possible configurations: i) only FC, ii) only BC, iii) both FC and BC. It is possible to
observe that the experimental data is in agreement with quantum mechanical (QM) calculation. Moreover, a comparison
between Vrx values extracted from both 0Csc/0Vgs and constant current methodologies proves that the definition of Vry

at fixed Ips = 107xW/L is still relevant down to 4.2 K [27].
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Figure 7. Vru as a function of Vs extracted from maxima of 6Ccc/OVes and constant Ips for NMOS GO1 LVT at 4.2 K.

Schematics indicate back and/or front conduction. (W =L = 10 um).

Figure 8 presents the quantum mechanical calculation of the carrier concentration (niny) as a function of the
vertical position along the Si thickness. Two situations are given, providing a further insight. At the top figure, results are
calculated at 4.2 K, Vg =2 V, and varying Vgs. As expected from Figure 7, a single back channel is observed for Vgs =
0.5 V, once Vi of the front channel is found to be around 0.57 V. For Vgs > 0.8 V, both FC and BC are observed. At
fixed Vg, once the FC is activated, by increasing Vgs, the carrier concentration remains unchanged at the back interface,
while it increases at the front interface. At the bottom figure, results are calculated considering fixed inversion carrier
density (Nimy = 102 cm2), at 4.2 K and 300 K, varying V. This time, only one channel is formed, either close to the front
interface (Vg = 0 V) or to the back interface (Vg = 2 V and 3 V). The nj,y peaks are found around 2 nm far from the
interfaces, for both FC and BC. By comparing n;jny results at room and low temperatures, Figure 8 (bottom) also shows
that FC and BC are more decoupled at 4.2 K, i.e. the peak of ni,y defining BC or FC is better resolved at low temperature.
This effect explains the differences in the shape of capacitance curves between 300 K and 4.2 K (Figure 6), where the

two plateaus corresponding to BC and FC are better distinguished at 4.2 K.
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Figure 8. Calculated carrier concentration as a function of the vertical position along the channel thickness, varying Vgs at

4.2 K (top), and varying Vs at 300 K and 4.2 K (bottom). (NMOS GO1 LVT).



B.  Short channel MOSFET

Contrarily to the transistors with long channel length studied in the previous Section, short channel MOSFETs
present maximum Cgc level in the order of 0.1 fF, which is well below the accuracy of commercial precision LCR
(inductance-capacitance-resistance) meters. To overcome this difficulty, structures with multiple (tens of thousands)
parallel MOSFETSs were used to increase the device area and allow appropriate capacitance measurements. Moreover, the
parasitic and overlap (Coy) capacitances are no longer negligible in such short gate lengths. Therefore they were corrected
following the methodology presented in [28], where the intrinsic capacitance of a transistor is calculated from the Cgc

curves of two transistors with adjacent gate lengths, since C,y is L-independent. The use of two close L is mandatory to

avoid Vru mismatch between the two corresponding devices.

Figure 9 presents Cgc curves for short channel transistors to illustrate the overlap capacitance correction. Each

MOSFET structure has a total area of around 630um?, giving a maximum capacitance level around 10pF. The two

different gate lengths used for C,y correction are L = 34 nm and 28 nm.

Figure 9. Gate-to-channel capacitance as a function of the front gate voltage for NMOS GO1 LVT with L = 34 nm and 28
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Figure 10 shows the extracted C,y as a function of Vgs, varying the back bias (a) and the temperature (b). It is

possible to note that C,, does not exhibit significant dependence on T or Vg, besides its shifts across Vgs following the

threshold voltage behavior.

Figure 10. Overlap capacitance versus front gate voltage at 300 K and 4.2 K, varying Vs (a), and at Vs =0 V, varying T (b).

Figure 11 shows the results of Cgc as a function of Vgs, varying Vg, at 300 K and 4.2 K, after C,y correction.

Results are very similar to those obtained for long channel transistors. For example, under high forward back biasing, at
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Ve =4V, one can see that the front and back channels are more decoupled at low temperature, making each one of the

two capacitance plateaus more easily distinguishable.

0.025 ———————————
| 42K, 300K NMOS, GO1, LVT|
T V= L =28nm |

Ves )

Figure 11. Gate-to-channel capacitance as a function of the front gate voltage for NMOS GO1 LVT with L = 28 nm, at 300
K and 4.2 K, varying Vs.

IV. TRANSPORT CHARACTERISTICS

A. Long channel MOSFET

Figure 12 presents efr as a function of Nj,, for NMOS LVT, varying T, and at Vg = 0 V. GO1 (a) and GO2 (b)
transistors were characterized in order to evaluate the impact of the front gate oxide thickness on the front channel
mobility. It is possible to observe that pes is highly improved at 4.2 K, as expected due to the T-dependence of the
phonon scattering contribution (ups), which becomes fully suppressed below = 20 K. From 300 K to 4.2 K, gains of up to
x7.2 and x3.1 are obtained for the mobility of GO2 and GO1 MOSFETs, respectively. As a result of the pps T-
dependence, the usual empirical models for mobility at room temperature [3] are no longer valid at cryogenic operation,
and a more generic form must be considered [3] in compact models. The lines in Figure 12 (a) and (b) were obtained using
the generalized formed of the mobility model described in Equation (1), where the power law exponent (n) varies from 2
to 3, as the temperature decreases from 300 K to 4.2 K, as observed in Figure 12 (c). It is valid to mention that Equation
(1) consists in a simple empirical model that has found to appropriately fit all the experimental data, for both N- and
PMOS, GO1 and GO2, when Vg = 0 V. In order to fully describe the transport characteristics of FD-SOI devices under
different back bias conditions, and therefore have robust compact models, more complex physically-based mobility

models must be developed to take into account effects such as the two-dimensional intersubband scattering [29].
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Figure 12. Experimental (symbols) and corresponding analytical model (lines) results for the effective carriers’ mobility as a
function of the inversion carrier density for NMOS GO1 (a) and GO2 (b), varying T, at Vs = 0 V. Equation of the generalized form of

Metf, valid at any temperature down to 4.2K. Power law exponent used to fit experimental pefr, as a function of temperature, for GO1
and GO2, N- and PMOSFETs.

Figure 13 presents pesr as a function of the effective electrical field (Eetr) at 300 K and 4.2 K. Front and back
channel mobilities have been dissociated and extracted by applying the split CV technique for different back bias [30].
From Figure 13, it is noticed that the front channel mobility of the GO2 MOSFET is close to the universal mobility at
room and low temperatures, whereas the front channel mobility of the GO1 MOSFET is degraded compared to its back
channel mobility and to the FC mobility of the GO2 MOSFET. This is expected due to additional scattering mechanism
induced by the proximity of the high-k layer for thin gate oxide thickness [30]. On the same way as observed for the front

channel, the BC mobility is highly improved at low temperatures, where a gain of up to x6.5 is found from 300 K down

to 4.2 K.
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Figure 13. Front and back channel effective mobility as a function of the effective electric field at 300 K (a) and 4.2 K (b) for
NMOS LVT. (W =L =10 pm). GO2 results are very close to the universal mobility at 300 K and 4.2 K (dashed lines).

The pesr improvement at low temperature is reflected in the transconductance (gm = 0lps/OVgs) of the devices.
Figure 14 presents the maximum of gy, in linear regime as a function of T (a), and in saturation (Vps = Vpp, where Vpp =
0.9 V for GOI and Vpp = 1.8 V for GO2) as a function of Vg (b). The arrows highlight the gm max increase at 4.2 K in
comparison to room temperature operation. It is also demonstrated in Figure 14 (b) that gm max can be further improved by
FBB. This is due to the addition of both front and back channels contributions, with in particular higher back channel
mobility for GO1 transistors. It is important to mention that in saturation regime the devices operate at high input power,
and therefore may suffer from significant self-heating effect, which is stronger at low temperature operation due to

thermal resistance increase [31].
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Figure 14. Maximum transconductance as a function of temperature for N- and PMOS GO1 LVT, at Vps = 50 mV and Vg =

0 V (a). Maximum transconductance as a function of the back bias for NMOS LVT GOI1 and GO2 in saturation (Vps = Vpp), and at
300 K and 4.2 K.

B.  Short channel MOSFET
The split CV technique was also used for the mobility extraction of short channel devices. In order to allow for
correct W evaluation, the series resistance (Rs) was extracted using the Y-function method [32], [33]. Rs values of 180
Q and 160 Q were found at 300 K and 4.2 K, respectively. The observed Rs reduction with T lowering is due to mobility
improvement in source and drain regions, which also contributes to drain current enhancement. Equation (2) was used to

correct the drain current of the devices, where Ips indicates Ips compensated by series resistance correction.
Ipse =—x7—= (2)
¢ 1— RsIpg

Figure 15 (a) presents the total p.fr, accounting for both channel conductions, at 4.2 K and varying Vg. An
improvement is observed by applying forward back bias due to the appearance of the BC, where the mobility is higher, as
observed in Figure 15 (b). From Section IV.A, the FC mobility improvement in long channel GO1 MOSFETs was found
to be as high as x3.1, from 300 K to 4.2 K. Figure 15 (b) shows a reduced P increase (x1.3) for short channel MOSFETs
with T reduction. This phenomenon of lower improvement in short channel transistors, in comparison to long channel
ones, could be explained by both neutral defects and quasi-ballistic transport [34], [35]. Similar results were obtained in

[36] for 14 nm FD-SOI MOSFETs analyzed down to 77 K.
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Figure 15. Overall effective mobility as a function of the inversion carrier density at 4.2 K, varying Vs (a). Front and back

channels effective mobility as a function of the effective electric field at 300 K and 4.2 K (b).

Figure 16 shows the transport parameters impact on the cut-off frequency (fr), which is an important figure of
merit for qubit control circuits [37]. Results were calculated from Equation (3), where Cox is the oxide capacitance per

area.

gmmax
fr= A _ 3
T 2nCoxWL ®

Although Equation (3) consists in an estimation of the fr values, it is valid to point that results found in this
work are similar to those obtained from radiofrequency characterization in [38]. The fr increase at 4.2 K observed in
Figure 16 is due to a combination of p.sr increase and Rs decrease. Moreover, Figure 16 (b) shows that the fr gain at 4.2 K

decreases for short channel transistors, being limited to x1.4 below L = 100 nm, following the p.sr trend previously

discussed.
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Figure 16. Cut-off frequency versus channel length for NMOS GO1 LVT at Vb =0.9 V, Vs =0 V and at 300 K and 4.2 K.

V. CONCLUSIONS

The use of back biasing in ultra-thin body and buried oxide FD-SOI offers a unique way to optimize the
electrical performances of 28 nm FD-SOI devices operating at very low temperature, from long to short channel
transistors. Forward back biasing allows not only reducing the power consumption by means of threshold voltage shift,
but also important overall mobility increase. 1D Poisson-Schrodinger calculation down to 4.2 K provides a full

understanding of the electrostatics. In particular, the onsets of front and back channels have to be considered while using



FD-SOI transistors operating at low temperature, since the phenomena considerably affects the carrier concentration
position along the Si thickness and the transport properties as well. By adjusting the power law exponent of a generic
form of the conventional empiric mobility model, experimental data could be fit from 300 K down to 4.2 K. Short
channel transistors could be evaluated using the split CV technique after correcting the parasitic and overlap capacitances
and the series resistance. By comparison to long channel transistors, short channel devices indicate to suffer from
stronger temperature independent scattering mechanisms such as neutral defects and/or quasi-ballistic transport.
Cryogenic operation beneficiates the cut-off frequency of all studied MOSFETs due to improvements in transport.
Finally, this work contributed to the understanding of the physical mechanisms that must be considered in future compact

models of FD-SOI MOSFETS operating at cryogenic temperatures.
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