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ABSTRACT Cryogenic operation of CMOS transistors (i.e., cryo-CMOS) effectively brings an ultrasteep
subthreshold slope (SS) and ultralow leakage, enabling high energy efficiency with appropriate tuning of
threshold voltage and supply voltage. On the other hand, cryo-CMOS suffers from elevated sensitivity to
process and voltage variations. To facilitate early-stage design exploration, we develop predictive BSIM-
CMG model cards, which are calibrated with 14 nm TCAD simulation and our experimental FinFET data
from 300 to 77 K. These models are scalable with temperatures from 300 K down to 77 K, device engineering
and variations. Based on them, we benchmark various circuit examples to illustrate the tremendous potential
of cryo-CMOS for energy-efficient computing, in the presence of process variations. For logic circuits,
such as a canonical critical path, more than 15x reduction in total energy consumption is demonstrated
at 77 K for the iso—Delay condition, compared to the operation at the room temperature (RT). The presence
of variations only has a marginal impact on energy efficiency, after threshold voltage and supply voltage are
adaptively increased. For static noise margin (SNM), it is consistently improved at 77 K. However, the impact
of variations on SNM is much more pronounced than that on logic circuits.

INDEX TERMS Cryogenic temperatures, energy-efficient computing, FinFET, predictive modeling,

variations.

I. INTRODUCTION
The Dennard’s law of scaling the dimension of CMOS
devices and supply voltage (Vpp) at the same rate stopped few
decades ago due to the Boltzmann tyranny effect [1]. Scaling
of threshold voltage (Vrp) also stopped in recent technology
nodes due to the concern of exacerbated leakage current. In
fact, even at constant Vpp and Vry, leakage current keeps
increasing over generations as the subthreshold slope (SS)
becomes larger due to short-channel effects. For large-scale
circuits, continuous scaling of CMOS devices without the
reduction in supply voltage and threshold voltage signifi-
cantly increases active power consumption and the density
of heat dissipation.

In this context, temperature scaling has been proposed as
an alternative approach toward low leakage and high perfor-
mance in scaled CMOS devices [2]. The leading principle is

that the SS linearly decreases with the temperature as given
in (1) and thus, the leakage current is exponentially reduced

-1

where, n is the SS factor and k7 /q is the thermal voltage. For
instance, when we reduce the temperature from the room tem-
perature (RT) (300 K) to the cryogenic temperature of 77 K,
SS is reduced from 70 to 18 mV/dec for a 14 nm FinFET
technology, bringing more than 1000x reduction in the leak-
age current (Iorr), as shown in Fig. 1(a). Such a dramatic
reduction in Iorr offers the engineering space to modulate
Vbp and Vg in cryo-CMOS design, in order to balance the
performance need and the reduction of power consumption.
As a demonstration, Fig. 1(a) illustrates an approach to scale
down VTy at 77 K to reach the same Iopr as that under the
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FIGURE 1. Ipg—Vgg characteristic a 14 nm n-FinFET device at the
RT and at the cryogenic temperature (77 K). For 77 K,
appropriate scaling in Vpp and Vyy helps achieve the same ON
current for the iso-Iggg condition at lower supply voltages.

RT (i.e., iso—Iorr); meanwhile, Vpp can be tuned down in
proportion to keep the same ON current. During this practice,
cryo-CMOS design is able to achieve the same switching
speed and leakage as those under RT, and much lower active
power consumption which is proportional to VSD [2], [3].

Various studies have been conducted to explore the design
benefit of cryo-CMOS design. An experimental study [4] at
cryogenic temperatures on the 10 nm FinFET-based bench-
mark circuits demonstrated more than 4 x power reduction at
the same logic speed or 50% increase in logic speed at the
same power condition. The steeper subthreshold characteris-
tics at the cryogenic temperature also improves static noise
margin (SNM) of the inverter and the SRAM cell at lower
Vpp compared to the RT, as demonstrated in [5] and [4]. Fur-
ther, the power, delay, and reliability of 5 nm FinFET SRAM
circuits has been studied at deep cryogenic temperatures [6].
A recent theoretical study demonstrated 4 x improvement in
performance-per-watt at the processor level (Arm Cortex-
AS53) at cryogenic temperatures [7]. The improvement in
performance per watt becomes even better at the system level,
where recent study demonstrated 12x at the CPU level and
16x at the system level [8], through circuit and architecture
cooptimization. Furthermore, thermal conductance of silicon
increases under cryogenic temperatures, improving the heat
dissipation and reducing self-heating effects toward higher
integration density [4], [7], [9].

On the other hand, due to the steeper subthreshold char-
acteristics at cryotemperatures, the CMOS device becomes
highly sensitive to bias voltages and process variations [10].
The OFF current of CMOS device varies 10 000x at cryotem-
peratures compared to 10x at the RT for the same amount
of global variations in metal gate work-function [11]. The
similar sensitivity in the OFF current is demonstrated using
our model card developed in Section II. Therefore, it is critical
to consider such elevated sensitivity in joint device-design
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optimization for cryo-CMOS, in order to maximize the ben-
efits.

To facilitate such joint design exploration, we develop
predictive model cards for cryogenic FinFETs in this work
and calibrate them with available data at 14 nm. Leveraging
these predictive models, we benchmark the benefit of low
power and the challenge of robustness in various cryogenic
circuits. Our major contributions are.

1) Predictive Model Cards for Cryogenic Operations: We
develop predictive model cards which are based on
cryogenic device physics and calibrated with 14 nm
FinFET measurement data and TCAD simulations.
These predictive model cards are scalable with temper-
atures, and also scalable with device engineering (e.g.,
Vpp and Vg tuning) and major process variations. It
is worth noting that [6] has created model cards for
the 5 nm FinFET technology node. However, our work
stands out in that we have expanded the flexibility of
these model cards to predict the behavior of CMOS
logic circuits at cryogenic temperatures. This is accom-
plished by fine-tuning Vg and Vpp, specifically for
the applications requiring extremely low power.

2) Energy Analysis for Cryo—CMOS Design: By reducing
V1 down to 75 mV and Vpp to 0.16 V, we demon-
strate 11x — 15x reduction in energy consumption
at 77 K compared to that under the RT, at the same
logic switching speed (i.e., iso—Delay). The exact gain
depends on the switching activity and the amount of
variations. Although process variations increase the
leakage power, their impact can be mitigated by adap-
tively tuning up Vpp and Vrg. In [8], significant energy
enhancements of 12x to 16x are demonstrated at both
the CPU and system levels through cooptimization of
logic and memory circuits. Additionally, we observe
energy improvements in logic circuits within the same
range, up to 15x. However, our work highlights that
achieving such substantial energy improvements comes
with a trade-off due to the high sensitivity to variations
in Vg or Vpp.

3) Circuit Robustness Analysis: Circuit robustness is eval-
uated by the SNM of inverters. SNM of the inverter at
the iso—Iprr condition degrades significantly at same
Vpp as the RT. However, proper tuning of Vpp and
Vr1y is able to boost SNM at lower Vpp. Yet, SNM
experiences a larger amount of variability under pro-
cess variations at cryotemperatures.

Il. MODEL DEVELOPMENT AND VALIDATION

To realize the full benefit of the cryogenic operation, appro-
priate scaling of Vty and Vpp is necessary, as presented in
Fig. 1(a). While device researchers are actively investigat-
ing the fabrication techniques to reduce Vg [e.g., negative
gate capacitance and gate work function (WF)], compact
cryo-CMOS models must be scalable with such device engi-
neering and correctly predict device characteristics for early
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Device Parameters Values

Gate Length (Lg) 25 nm
Oxide Thickness (EOT) 1nm
Fin Thickness (T ) 7 nm
Fin Height (Hgy) 41nm
Overlap Length (Lgy) 4 nm

Doping Concentration (cm_?’ )
1 00es20
9.64e+16

9.30e+13

-2.70e+12

G | -2.89e+15

-3.00e+18

FIGURE 2. Three-dimensional TCAD device structure, device
parameters, and its cross-sectional view of a n-FinFET device.

design practice. We rely on cryogenic device physics, TCAD
simulation, and measured FinFET data at 14 nm to develop
this set of predictive models in this section.

A. TCAD SETUP

A 3-D TCAD device structure of n-FinFET and its cross-
sectional view along with the doping concentration are
depicted in Fig. 2. Fig. 2 also lists the nominal device
parameters for the 14 nm FinFET device to build the
TCAD model in Sentaurus 3-D TCAD tool [13]. We uti-
lize drift-diffusion transport along with the Fermi-Dirac
statistics for an accurate analysis of the device. In addi-
tion, we adopt the band-gap narrowing model, the Philips
unified mobility model, SRH recombination, and velocity
saturation models to capture the accurate behavior of the
device. In order to accurately represent the linear trends in
parameters such as SS, Vg, mobility, and velocity saturation,
we have fine-tuned the temperature-dependent parameters of
these models. Specifically, within the subthreshold regime,
the linear relationships in SS and Vg are inherently cap-
tured through the thermal voltage. In the linear regime,
we have adjusted the temperature-dependent parameters of
the Caughey-Thomas model to account for velocity saturation
effects and utilized the Philips Unified Mobility Model to
address mobility-related effects. To incorporate the nonlin-
earity in subthreshold regime, we can add the band-tail model
and temperature dependency in interface traps to capture non-
linearity in the subthreshold regime to work at deep cryogenic
temperatures. We calibrate our TCAD model with measure-
ment data from the 14 nm n-FinFET at both RT and 77 K
by adjusting the parameters of default geometry and physical
models for both low and high Vpg, as shown in Fig. 3.

B. CRYO-CMOS MODELING
For compact modeling of cryogenic FinFET devices, the SS,
threshold voltage (Vry), average effective mobility (uesr),
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FIGURE 3. Calibration of the TCAD model with our 14 nm
experimental n-FinFET data at both RT and 77 K.
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FIGURE 4. Validation of the cryo-CMOS model for (a) threshold
voltage (V1y) at different temperatures and (b) SS at different
temperatures.

and saturation velocity (Vsar) are the primary parameters
that have a significant dependency on the temperature. The
change in threshold voltage and SS are almost linear when
the operating temperature scales down from RT to 50 K [14].
Such a linear behavior can be embedded into the parameters
in the temperature-dependent model in BSIM-CMG [15].

As presented in (1), we use a linear model for SS to
incorporate its temperature dependency. The temperature
dependency in threshold voltage [Vry(T)] of a MOSFET
transistor can be modeled as [15]

T
Vru(T) = Vru(To) + ar (70 - 1) 2)

where, o is a negative temperature coefficient of the thresh-
old voltage. The average effective mobility in bulk MOSFETSs
almost linearly increases with the decrease in the operating
temperature [16], which can be modeled as

pef(T) = pett(To)(T /To)* 3

where, « is a temperature coefficient of the mobility. Further,
the temperature dependency in saturation velocity of the car-
rier can be modeled as [17]

_ Vsar(To)
Vsar(T) = A=A+ AT/To) @

where, A is a temperature coefficient of saturation velocity.
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FIGURE 5. Validation of the cryo-CMOS model with our experimental (a) 14 nm p-FinFET and (b) 14 nm n-FinFET at both RT and 77 K
for Vpg =50 mV and Vpg = 0.7 V cases. (c) Validation of 14 nm IBM FinFET data [12] using a single model card at various

temperatures for Vpg = 0.4 V.
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FIGURE 6. Validation of cryo-CMOS models with TCAD, under
2% variation of metal gate WF, i.e., £90 mV.

Such approximately linear behaviors are used in our pre-
dictive model to benchmark the design with cryogenic CMOS
devices. However, the trends become nonlinear when the
operating temperature further scales down below 50 K due
to the band tail, interface traps, and other effects [14], [18].

C. MODEL CARDS DEVELOPMENT AND VALIDATION

By embedding these equations into BSIM-CMG and tuning
corresponding model parameters, we prepare a set of 14 nm
FinFET model cards that are continuous with the change of
temperatures.

The comparison of threshold voltage (Vry) and SS are
demonstrated in Fig. 4(a) and (b), respectively. Note that,
we calculate the threshold voltage using the constant current
method, i.e., 100 nA x (W/L). For compact modeling in
the range of temperatures down to 77 K, we can ignore the
secondary effects, such as interface traps and the band tail,
which could produce nonlinearity in Vg and SS with the
temperature. Depending on the specific fabrication technol-
ogy, these effects may be present in the experimental results
and thus, nonlinearity is observed below 200 K, as shown
in Fig. 4(a) and (b). The nonlinearity highly differ from one
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FIGURE 7. Monte Carlo simulations for 14 nm n-FinFET at the RT
and at 77 K under gate WF variations (30 = 30 mV). Iogg is
much more sensitive to the variations at 77 K compared to RT.

technology to other. Therefore, we follow the linear behavior
as a generic model for design benchmarking, which is also
consistent with TCAD simulations.

Fig. 5(a) and (b) presents the validation of full IV char-
acteristics for both n/p-FinFET at the RT and at cryogenic
temperatures, i.e., 77 K, for our 14 nm FinFET experimental
data. The model is further validated for 14 nm IBM FinFET
data [12] at different temperatures, as shown in Fig. 5(c).
We adjust the parameters in the temperature-dependent model
parameters, such as SS, threshold voltage, effective mobility,
and velocity saturation effect, such that both ON and OFF char-
acteristics of the device are captured accurately at different
temperatures using a single set of model cards. The obtained
range for Ues(T) varies from 4 x 102 to 2.5 x 103 cm?/Vs
when we reduce operating temperatures. Further, the range of
Vsat(T) varies between 1 x 107 and 1.5 x 107 cm/s.

We further validate our generic cryo-CMOS model
cards under excessive variations in metal gate work-
function (i.e., 90 mV), as shown in Fig. 6. The model
prediction well matches TCAD simulations at both RT
and 77 K.
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FIGURE 8. Ipg—Vgg characteristics of n-FinFET and p-FinFET for
both regular V1 (RVT) and high V1 (HVT) in our predictive
model cards.

Using these calibrated cryo-CMOS model cards, we demon-

strate the sensitivity of Iopr to process variations, using
Monte Carlo SPICE simulations. Fig. 7 shows the Ips—Vgs
characteristic of n-FinFET at the RT and 77 K at Vpp = 0.7V
and Vpp = 0.4 V, respectively. The sensitivity to the variation
at 77 K is dramatically elevated compared to the RT case.
With 3o variation of Vg at 30 mV, Ioge suffers 10000 x
variability, compared to 10x variability at the RT. The result
is consistent with that presented in [11].

Finally, we adjust the value of Vg in the generic
cryo-CMOS for a low power design. We increase the thresh-
old voltage of the n-FinFET (V1n,) and p-FinFET (Vrn,)
at the RT from 290 to 390 mV and from 280 to 380 mV,
respectively, to keep the OFF current in the order of nA/um
which is desirable for HVT transistors for low-power logic
applications. The drain current characteristics for both regular
Vru (RVT) and high Vg (HVT) at the RT are shown in Fig. 8.

lll. CIRCUIT PERFORMANCE AT ISO-DELAY
CONDITION

Leveraging the newly developed cryo-CMOS model,
we explore low-power design at 77 K, under the delay
constraint (i.e., iso—Delay). Our results demonstrate that
with appropriate device engineering, as well as Vpp and
Vrh scaling, cryogenic design effectively reduces the energy
consumption by more than 10x in representative circuit
examples.

A. ENERGY ANALYSIS ON ROs

We perform the energy analysis on a 35-stage NAND RO
with fan-out (FO) of 2. The schematic of the benchmark
circuit is shown in Fig. 9(a). In the NAND gate, the number
of fins (NFINs) are six and four for n-FinFET and p-FinFET,
respectively. At the RT, the period of this 35-stage RO at RT
is around 680 ps. Next, we tune Vg of n/p-FinFETs (i.e.,
through WF) at 77 K for each supply voltage to achieve the
same delay as that of the RT case (i.e., 680 ps) as shown in

112

(d)

H Vop (V) | Vran (mV) | [Vrupl(mV) ||

0.15 67 69
0.16 75 77
0.17 80 82
0.18 90 92
0.19 95 97
0.2 100 102
0.21 109 111
0.22 119 121
0.25 139 140
0.26 149 150

©)

FIGURE 9. (a) Circuit schematic of a 35-stage NAND-based ring
oscillator (RO) with FO = 2. (b) RO delay at 77 K for different
V1H at every Vpp values. (c) Combinations of Vyy and Vpp
values at 77 K for iso—delay condition.

Fig. 9(b). The values of Vg at each Vpp for the iso—Delay
condition are listed in the table in Fig. 9.

Based on this set of simulations in Fig. 9, we analyze
total energy consumption of the RO under different switch-
ing activity factors under the iso—Delay condition. The total
energy (Etotal) of the RO is calculated using

Etotal = @Eactive + (1 — @)E eak (5)

where, « is the switching activity factor, Eacve 1S the energy
consumption during switching, and Ej ¢4k is the energy con-
sumption at the idle state. The total energy for each Vpp
for different switching activity factors are demonstrated in
Fig. 10(a). For low switching activities, e.g., « = 0.1%,
the minimum total energy is observed at Vpp = 0.2 V,
where 11x energy reduction is observed at 77 K com-
pared to the RT case. For an intermediate switching activity,
e.g., « = 1%, the minimum total energy is observed at
Vbp = 0.18 V, where 13x energy reduction is achieved.
Furthermore, energy reduction improves to 15x for a higher
switching activity, e.g., o« = 10%.
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FIGURE 10. (a) Total energy of the RO at 77 K to achieve the
minimum energy consumption. The optimal Vpp shifts to a
lower value for a higher switching activity factor under the
iso—Delay condition. The dotted lines are the reference energy
values which represent the total energy for different switching
factors at RT without scaling Vpp, i.e., at Vpp = 0.7 V. (b) Total
energy at different temperatures under the iso—Delay condition.
(c) Optimal Vyy (for both n/p-FinFETs) and Vpp for different
temperatures under the iso—Delay condition, for « = 0.1%.

This trend is consistent with our understanding. When
the switching activity is high, the switching energy is more
important than the leakage energy. In addition, the active
energy has a quadratic dependence on Vpp while the leakage
energy only has a linear dependence on Vpp. Therefore, Vpp
reduction is more effective to save the total energy at higher
switching activities, as observed in Fig. 10(a).

Fig. 10(b) further presents the energy analysis at different
temperatures under the iso—Delay condition. When we reduce
the operating temperature, the same delay can be achieved
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with underlinelower Vpp and thus, the lower energy con-
sumption. Under iso—Delay, ETya almost linearly decreases
with the operating temperature. In the case of « = 0.1%,
Fig. 10(c) lists the combination of Vpp and Vry to achieve
the minimum total energy.

B. ENERGY ANALYSIS UNDER VARIATIONS

To examine the elevated impact of process variations on
cryogenic design, we perform Monte Carlo simulations on
1000 samples of the 35-stage ring-oscillator at each tem-
perature. We keep the nominal values of Vpp and Vry as
mentioned in Fig. 10(c), and inject variations in metal gate
WEF, which induces random Vry variations of 30 = 10, 20 or
30 mV for each transistor in the RO. As a result, we observe a
significant amount of variations in the leakage energy at cryo-
genic temperatures as shown in Fig. 11(a). Furthermore, Vg
variations at cryogenic temperatures has a pronounced impact
on Ion, especially for low Vpp operations. Therefore, Eactive
and RO delay also experience an increasing amount of varia-
tions at lower temperatures, as shown in Fig. 11(b) and (c).

Next, we analyze the variations at 77 K under voltage
scaling. Three different supply voltages are sampled, i.e.,
0.16 V (best case for « = 10%), 0.2 V (best case for
o = 0.1%), and 0.25 V (¢ = 0.1%) as demonstrated in
Fig. 12. In Fig. 12(a), we illustrate the variations in Efeax
across different Vpp, taking into account various levels of
Vry variations. It is important to note that we have fine-tuned
the mean value of Vg for each Vpp setting to achieve an
iso—delay condition, as detailed in the table presented in
Fig. 8(c). In an ideal scenario, we would expect the variation
in Epeqx to decrease as Vpp decreases because it is directly
proportional to the variation in /opr, which in turn decreases
with lower Vpp. This is primarily due to the increase in the
mean value of Iopr resulting from the reduction in Vry as
Vpp decreases. Therefore, it is reasonable to observe lower
variation in Epeqpx at Vpp = 0.16 V compared to Vpp =
0.2 V. Similarly, we would expect lower energy variation at
Vbp = 0.2 V compared to Vpp = 0.25 V. However, it is
essential to consider that the variation in Iopr also depends
on the subthreshold swing, which is influenced by the drain
bias. As a result, at higher Vpp levels (e.g., Vpp = 0.25 V),
the subthreshold swing increases, leading to a reduction in the
variation in Iopr. Consequently, we observe a lower variation
in Eyeax than at Vpp = 0.2 V. Furthermore, at lower Vpp
values, variations in Vg have a more pronounced impact on
Ion- Therefore, we observe higher variation in Eaye at lower
Vpp as shown in Fig. 12(b). It is worth noting that even when
significant variations exist in Ef ¢k, they do not significantly
affect the variations in Etoa], as demonstrated in Fig. 12(c).
This is because the primary contribution to Etoty comes from
Eaciive- Consequently, the variations in Eactve and ETota) are
essentially identical, as evident from Fig. 12(b) and (c).

We can increase Vpp, e.g., from 0.2 to 0.25 V, to reduce
the variations, as shown in Fig. 12(b) and (c). However, this
will degrade the energy saving at 77 K to 7x, compared to
the case with less variations at 11x, as shown in Fig. 10(a).
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FIGURE 11. Monte Carlo simulations on 1000 sample of the 35-stage NAND-based RO under different values of V1 variations and
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under V1 variations. To maintain the iso—delay condition, it is necessary to increase both Vpp and V1, which can effectively reduce
the variation in energy.
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FIGURE 13. Statistical simulation of the VTC of a CMOS inverter. (a) Inverter VTC at 300 K under V1 variations at Vpp = 0.7 V.

(b) Inverter VTC at 77 K under Vyy variations at Vpp = 0.7 V under the iso—Iggg condition (i.e., lower V). (c) Inverter VTC at 77 K
under Vyy variations at Vpp = 0.2 V.

C. SNM UNDER VARIATIONS

To further understand the impact of variations on circuit
stability at 77 K, we analyze the SNM of a CMOS inverter
under metal gate WF variations (i.e., Vg variations) using
Monte Carlo simulations over 1000 samples. Fig. 13(a) shows
an inverter voltage transfer curve (VTC) for 1000 samples at

the RT for Vpp = 0.7 V, where 30 of Vg is at 30 mV. The
mean value of SNM at the RT is 305 mV. Fig. 13(b) shows
the inverter VTC at 77 K under the iso—/orr condition (i.e.,
Vry is reduced at 77 K from the value at the RT). Due to
lower Vry, the n-FinFET is turned on at a lower input voltage,
but the p-FinFET is turned off at a higher input voltage.
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FIGURE 14. SNM/Vpp variability for three cases in Fig. 13 under
different amount of variations in V1y.

Thus, we observe a significant degradation in SNM down
to 156 mV at 77 K compared to the RT case under the iso—
Iorr condition. This degradation can be fixed by appropriate
tuning of Vry and Vpp. For example, Fig. 13(c) demonstrates
a steep inverter VTC with the mean value of SNM as 83 mV
at Vpp = 0.2 V, which has a similar ratio of SNM/Vpp as
Fig. 13(a).

On the other hand, similar to the logic circuit, the inverter
VTC is more sensitive to process variations at cryogenic tem-
peratures. We compare the variability of SNM/Vpp at three
different amount of variations in Vg for all aforementioned
three cases in Fig. 14. The variation in SNM significantly
increases at lower operating temperature, for the same Vpp,
and becomes even worse with lower Vpp at cryogenic tem-
peratures. Indeed, compared to logic circuits, data stability
is a primary concern in cryogenic design as observed in this
study.

IV. CONCLUSION

In this work, we develop a set of predictive model cards for
cryogenic operations. Based on the BSIM-CMG template,
we calibrate these model cards with TCAD simulations and
silicon data at 14 nm. Leveraging these new model cards,
we benchmark energy reduction at the cryogenic tempera-
tures, at the same switching speed. The reduction in energy
consumption is up to 15x at 77 K in the absence of variations,
or 7x under severe process variations. The noise margin of
CMOS circuits, which is an index of data stability, is even
more sensitive to process variations at 77 K, especially under

VOLUME 9, NO. 2, DECEMBER 2023

low Vpp. It is essential to conduct joint device and design
research to maximize the benefit of cryogenic design in the
presence of variations.
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