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ABSTRACT We reported temperature-dependent narrow width effects on electrical characteristics of 28-nm
CMOS transistors measured at temperature of 77 K−300 K. At cryogenic temperatures, P-MOSFETs
appear to have stronger temperature-induced threshold voltage (Vth) increase and subthreshold swing (SS)
reduction than N-MOSFETs, whereas the improvement in drain-induced barrier lowering (DIBL) is more
evident in N-MOSFETs. N-MOSFETs show typical reverse narrow effect (RNWEs) in terms of Vth roll-off
along with SS rise-up with narrowing channel-widths (WG). In contrast, P-MOSFETs exhibit anomalous
RNWE, that is, Vth (SS) decreases (increases) with decreasing WG from 3 µm to 0.6 µm and reversely
increases (decreases) with further narrowing to 0.3 µm. RNWEs on N-MOSFETs are clearly suppressed
at cryogenic temperatures, whereas P-MOSFETs appear to have enhanced anomalous RNWEs in terms
of Vth and DIBL variations at 77 K.

INDEX TERMS Cryogenic CMOS, reverse narrow width effect.

I. INTRODUCTION
Cryogenic complementary metal-oxide-
semiconductor (CMOS) field-effect transistors (FETs)
have attracted extensive attentions for their great promises
not only for control and readout circuitry in quantum
computing [1]–[6], but also for spacecraft [7], [8], data
centers, precision detection [9], memory [10], [11], and
high-performance computing (HPC) [12]. This is because
the performance of MOSFETs at cryogenic temperatures
gains improvements in terms of on-state current (ION)
at constant gate-overdrive, mobility, transconductance
(gm), subthreshold swing (SS), off-state current (IOFF),
power dissipation, thermal noise, thermal-assisted leakage,
and thermal fluctuations, etc. In particular, HPC has
been estimated to have the best performance/power factor
improvement at T = 77 K −100 K by > 5-fold as compared
to room-temperature operation [12], [13]. However, V th
increase [14], [15] and unusual electrical characteristics
such as current hump [16] may impact the operation of
CMOS circuits at deep cryogenic temperatures.
For cryo-CMOS circuitry design, not only temperature-

induced variations in key parameters of V th, SS, and V th

shift due to drain-induced barrier lowering (DIBL) for tran-
sistors with given channel-lengths (LG) and widths (WG),
but also the deviations in temperature dependency of short-
channel effects (SCEs) and narrow-width effects (NWEs) are
critical. This is because transistors with different LG and WG
would be considered in analog ICs, since the performance
of analog ICs may not be directly benefit from the small-
est feature sizes as much as of digital ICs. Therefore, the
discrepancy in temperature-induced V th increase, SS reduc-
tion, DIBL variation, and NWEs between N-MOSFETs and
P-MOSFETs possibly give rise to additional design concerns
for cryo-CMOS circuitry.
Several reports have investigated cryogenic charac-

teristics and modeling of bulk MOSFETs, [14]–[22]
FinFETs, [12]–[23], and fully-depleted silicon-on-
insulator (SOI) FETs [23]–[27] with LG ranging from
0.35 µm to 14 nm. However, NWEs on advanced
CMOSFETs operating at cryogenic temperatures remain to
be addressed. In this paper, we report temperature-dependent
electrical characteristics of N-MOSFETs and P-MOSFETs
with WG of 0.3 µm − 3 µm fabricated using a commercial
28-nm bulk CMOS foundry service. Transistors were
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FIGURE 1. Transfer characteristics of N-MOSFETs with WG/LG
of (a)/(d) 3 µm/28 nm, (b)/(e) 0.6 µm/28 nm, and (c)/(f) 0.3 µm/28 nm
measured at VD = +0.05 V/+0.9 V, respectively.

measured at T = 77 K − 300 K. Key parameters were
extracted from experimentally-measured current-voltage
(I-V) characteristics and numerically fitted for accurate
modeling.

II. ELECTRICAL MEASUREMENTS
Electrical measurements were conducted in a Lakeshore
CPX-VF liquid-nitrogen cooled vacuum-sealed probe sta-
tion using a semiconductor device analyzer Agilent
B1500A equipped with B1517A high-resolution source mon-
itor unit/atto sense and switch unit, improving the measure-
ment resolution to femtoampere range. Transfer characteris-
tics were measured in saturation (|VD| = 0.9 V) and linear
(|VD| = 0.05 V) regimes, respectively. Parameters of V th (VG
at which the maximum transconductance (gm,max) occurs),
SS (≡ ∂(log ID)/∂VG)−1), DIBL (≡ (V th (|VD| = 0.9 V)
− V th (|VD| = 0.05 V))/�VD), ION (ID at |VG = 0.9 V),
and IOFF (ID at VG = 0 V) were extracted from transfer
characteristics.

III. RESULTS AND DISCUSSION
A. TEMPERATURE EFFECT
Figs. 1 and 2 show transfer characteristics of N-MOSFETs
and P-MOSFETs, respectively, measured at temperature
ranging from 77 K to 300 K. It is clearly seen that low-
ering temperature leads to a systematic increase in V th
(Fig. 3) along with a reduction in SS for both N-MOSFETs
and P-MOSFETs operating at linear and saturation regimes.
Parameters of V th and SS for P-MOSFETs appear to

be more susceptible to operating temperatures than their
counterpart N-MOSFETs. Figure 3 show that decreasing
temperature from 300 K to 77 K, V th-shift (V th (T = 77 K)
− V th (T = 300 K)) values of 97 mV and 102 mV for
3 µm-wide P-MOSFETs are greater than that of 81 mV and

FIGURE 2. Transfer characteristics of P-MOSFETs with WG/LG
of (a)/(d) 3 µm/28 nm, (b)/(e) 0.6 µm/28 nm, and (c)/(f) 0.3 µm/28 nm
measured at VD = −0.05 V/−0.9 V, respectively.

FIGURE 3. Threshold voltage as a function of measurement temperatures
for (a) NMOS and (b) PMOS transistors with WG = 0.3 µm − 3 µm.

94 mV for than N-MOSFETs operating at linear and sat-
uration regimes, respectively. Similarly, P-MOSFETs with
WG = 0.6 µm and 0.3 µm appear to have stronger
temperature-induced V th shift than N-MOSFETs.
Low-temperature operation indeed improves DIBL

for both N-MOSFETs and P-MOSFETs as shown in
Fig. 4(a) and 4(b), respectively. Notably, the improvement in
DIBL (�DIBL = DIBL(T = 77 K) − DIBL(T = 300 K))
appears to be more evident in N-MOSFETs (−15 mV/V)
as compared to that (∼ −8 mV/V) of P-MOSFETs. The
reduction in DIBL for PMOSFETs becomes saturated at
temperature below 150 K, whereas NMOSFETs have a con-
tinuous improvement in DIBL with lowering temperature
from 300 K to 77 K.
Fig. 5 shows that at T = 200 K−300 K, SS decreases

with lowering temperature, following a linear relationship
of SS = n× ln(10)(kT/q) with n being a constant and
independent of temperature. It is important to note that at
temperatures below 170 K for N-MOSFETs and 200 K for
P-MOSFETs, respectively, the SS linearity does not hold
anymore. That is, n becomes a function of temperature
and gets larger at lower temperatures. Another important
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FIGURE 4. DIBL as a function of measurement temperatures
for (a) N-MOSFETs and (b) P-MOSFETs.

FIGURE 5. Temperature-dependent subthreshold swing for (a) N-MOSFETs
and (b) P-MOSFETs with WG = 0.3 µm − 3 µm biased at VD = +0.9 V and
−0.9 V, respectively.

FIGURE 6. Temperature dependency of ION for N-MOSFETs and
P-MOSFETs with WG of 0.3 µm, 0.6 µm, and 3 µm biased at VD = +0.9 V
and −0.9 V, respectively.

finding of notes is that lowering-temperature induced SS
improvement is much enhanced for P-MOSFETs in compar-
ison to N-MOSFETs. This is evidenced by the observation
that while studied P-MOSFETs operating in the satura-
tion regime have SS values of 103−110 mV/dec larger
than N-MOSFETs (90−96 mV/dec) at 300 K (Fig. 5(a)),
SS values of 55−57 mV/dec for 0.6 µm- and 0.3 µm-
wide P-MOSFETs (Fig. 5(b)) are getting close to that of
50 mV/dec for N-MOSFETs at 77 K.
While SS significantly improves at low temperatures,

Fig. 6 shows that there is only a slight increase in ION by
1.03-fold when lowering temperature from 300 K to 77 K for
both N-MOSFETs and P-MOSFETs. This is because a large
increase in V th at 77 K reduces the gate overdrive of VG−Vth
and thereby, suppresses ION enhancement. Beckers et al. [14]

FIGURE 7. Channel width-dependent (a) V th and (b) SS for NMOSFETs
operating at VD = +0.9 V and measured at temperature of 77 K − 300 K.

FIGURE 8. Channel width-dependent (a) Vth and (b) SS for PMOSFETs
operating at VD = −0.9 V and measured at temperature of 77 K − 300 K.

have reported that lowering temperature from 300 K to 77 K
even decreases ION for the short-channel (LG = 28 nm)
N-MOSFETs, while ION increase indeed is observed for the
long devices (LG = 1 µm) at cryogenic temperatures.

B. CHANNEL-WIDTH EFFECT
N-MOSFETs exhibit typical reverse narrow width
effect (RNWE), that is, narrowing WG from 3 µm to
0.3 µm leads to V th roll-off along with SS rise-up as
seen in Fig. 7(a) and (b), respectively. The phenomenon
of WG-dependent V th roll-off is commonly observed from
N-MOSFETs fabricated using shallow-trench isolation
technology. RNWEs have been ascribed to stronger gate
controllability to the corner of shallow-trenches or a
larger gate fringing-field terminating at the sidewall of the
channel, [28] so that the gate charge per unit area needed
for the inversion of narrower channels becomes smaller.
We discovered that RNWEs for N-MOSFETs appear to
be suppressed at cryogenic temperatures. That is, �V th
(= V th(WG = 0.3 µm) − V th(WG = 3 µm)) decreases
from −39 mV at 300 K to −35 mV at 77 K (Fig. 7(a))
along with a decrease in �SS (= SS(WG = 0.3 µm) −
SS(WG = 3 µm)) from 5 mV/dec to 0 mV/dec (Fig. 7(b)).
In contrast, P-MOSFETs show anomalous RNWEs [29],

that is, V th initially decreases with narrowing WG from
3 µm to 0.6 µm and then reversely increases with fur-
ther narrowing WG to 0.3 µm (Fig. 8(a)). We also observed
that among studied P-MOSFETs, 0.6 µm-wide PMOSFETs
have the highest SS at T = 77 K−300 K (Figs. 5(b)
and 8(b)). Possible mechanisms for the anomalous increase
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TABLE 1. Model parameters.

in V th for P-MOSFETs with WG = 0.3 µm have been
attributed to (1) the formation of phosphorus and arsenic pud-
dle by an enhancement of phosphorus and arsenic transient
enhanced diffusion (TED) due to Si interstitials generated
by the deep boron S/D implant processes [29] or (2) boron
enhanced diffusion due to the presence of a large quantity
of boron [30].
It is clearly seen in Figs. 7(a) and 8(a) that at

T = 300 K, the amount of WG-induced V th variation
(�Vth,3 µm→0.3 µm ∼ 39 mV) for the studied 0.3 µm −
3 µm-wide N-MOSFETs is larger than that of PMOSFETs
(�Vth,3 µm→0.6µm ∼ 12.3 mV) by a factor of 3. In contrast
to the low temperature-improved RNWEs on N-MOSFETs,
anomalous RNWEs on V th variation in PMOSFETs appears
to be enhanced at T = 77 K as evidenced by 12.3 mV
of �V th = Vth(WG = 0.6 µm) − V th(WG = 3 µm) at
T = 300 K and 15.7 mV at 77 K.

IV. MODELING RESULTS
Temperature-dependent transfer characteristics of studied
28-nm CMOSFETs were numerically fitted using MYSTIC
Synopsys software. Parameters associated with short-channel
and temperature effects listed in Table 1 were included in
the numerical fitting for CMOSFETs operation at T = 77 K
– 300 K. It is a known fact that standard BSIM compact
models validate only at temperature ranging from 220 K
to 450 K and fails to fit the characteristics of MOSFETs
at cryogenic temperatures. In the standard BSIM models, a
linear fitting is generally used to describe temperature effects
on the critical temperature-dependent parameters of V th,
SS, mobility, and source-drain parasitic resistance (RDSW).
However, when temperature falls below 220 K, temperature
coefficients of KT1, UTE, and PRT are not a constant any-
more but varies with temperature, resulting in large fitting
errors for simulating characteristics of MOSFETs using the
standard BSIM models at cryogenic temperatures. Therefore,

the inclusion of the additional temperature-dependent func-
tions for these coefficients is required in order to improve
the fitting precision for MOSFETs operation from 77 K
to 300 K. For modeling the performance of MOSFETs at
cryogenic temperatures, one has to tune key parameters at
each temperature point in order to account for the varying
device characteristics across the wide temperature range of
77 K–300 K [17], [31].
In BSIM4 model, the threshold voltage at the nominal

temperature (TNOM) and its temperature dependence are
given in Eq. (1) and (2), respectively.

Vth = VTH0 +
(
K1ox ·√�s − Vbseff − K1 ·√�s

)√
1+LPEB

Leff
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1 + LPE0
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− 1

)√
�s

+ (
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) TOXE
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Leff
lt

)
− 1

⎤
⎥⎥⎦(Vbi−�s)

− 0.5
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(
DSUB

Leff
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)
− 1

(
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)
Vds

− nνt · ln
(

Leff
Leff + DVTP0 · (1+e−DVTP1·Vds)

)

−
(
DVTP5 + DVTP2

LDVTP3
eff

)
· tanh(DVTP4 · Vds) (1)

Vth(T) = Vth(TNOM) +
(
KT1 + KT1L

Leff
+ KT2 · Vbeff

)

×
(

T

TNOM
− 1

)
. (2)

The primary temperature-dependent parameters consid-
ered in Eqs. (1) and (2) are ETA0 and KT1, which are the
temperature-dependent DIBL coefficient in the subthreshold
region and the temperature coefficient of V th, respectively,
to be fitted.
Figs. 9(a) and (b) show fitted KT1(T) curves for N- and

P-MOSFETs withWG = 0.3−3 µm, respectively. Fitted KT1
is a negative value and increases with lowering temperature.
For N-MOSFETs, the fitted KT1(T) curve for the case of
WG = 0.3 µm is below the curves for that of WG = 0.6 µm
and 3 µm (Fig. 9(a)). On the contrary, the fitted KT1(T)
curve for PMOSFETs with WG = 0.3 µm lands well above
others (Fig. 9(b)). In general, the fitted KT1(T) curves of
P-MOSFETs lands below that of N-MOSFETs, suggest-
ing that V th of P-MOSFETs has a stronger temperature
dependency (Fig. 9(b)).
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TABLE 2. Fitted coefficients of KT10, KT11, and KT12 for KT1 (T) of
NMOSFETs and PMOSFETs.

FIGURE 9. Fitted temperature-dependent KT1 for (a) N-
and (b) P-MOSFETs with WG = 0.3 µm − 3 µm.

It is clearly seen in Fig. 9 that as temperature is lower
than 250 K, KT1 deviates from the suggested constant value
of KT1 (T = 300 − 250K) of the process design kit (PDK)
provided by the foundry. This is because standard BSIM
model only validates at the temperature range of 220 K–
400K. For 28 nm CMOSFETs, fitted KT1 curves appear to
be a function of temperature and channel width, following
a relationship of KT1(T) = KT10 +KT11 ×T +KT12 ×T2.
The fitted values for KT10, KT11, and KT12 for NMOSFETs
and PMOSFETs are listed in Table 1. An interesting find-
ing of notes is that the temperature-dependency of KT1 for
NMOSFETs appear to be stronger than that of PMOSFETs,
whereas the impact of channel-width effects on the tem-
perature coefficient of threshold voltage for PMOSFETs is
obviously significant than on that for NMOSFETs.
Fitted KT1 curves well explain experimentally-observed

temperature dependency of V th, as evidenced by a good
agreement of experimentally-measured and numerically-
simulated V th shift for N- and P-MOSFETs at |VD| = 0.05 V
and 0.9 V in Fig. 10.
Intuitively SS improves (decreases) with lowering tem-

perature due to reduced thermionic emission, following an
empirical equation of n× ln(10) (kT/q). However, previous
reports have pointed out the fact that below a criti-
cal temperature, SS deviates from the Boltzmann limit
and saturates. [24], [32]–[34]. In this work, we used the
subthreshold-swing factor (NFACTOR: a parameter to com-
pensate errors in calculating depletion-capacitance) and its
temperature coefficient (TNFACTOR) to describe the temper-
ature dependency of n(T) for modeling SS. n and NFACTOR
are described in Eqs. (3) and (4), respectively.

n = 1 + NFACTOR
Cdep
Coxe

+ Cdsc_Term+ CIT

Coxe
(3)

FIGURE 10. Temperature-dependent measured and simulated values for
V th shift for NMOSFETs at (a) VD = +0.5 V, (b) +0.9 V and PMOSFETs at
(c) VD = −0.5 V, (d) −0.9 V with WG = 0.3 µm − 3 µm.

FIGURE 11. TNFACTOR for (a) NMOS and (b) PMOS transistors with
WG = 0.3 µm − 3 µm.

NFACTOR(T) = NFACTOR(TNOM)

+ TNFACTOR

(
T

TNOM
− 1

)
(4)

Figs. 11 and 12 show that fitted curves of
TNFACTOR(T) and NFACTOR(T) for P-MOSFETs appear
to have stronger temperature dependency than that
for NMOSFETs, in particular, when temperature is
below 150 K.
Lowering operating temperature is beneficial for improv-

ing carrier mobility due to reduced phonon scattering. Eq. (5)
describes the temperature dependency of low-field mobility
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FIGURE 12. Temperature-dependent NFACTOR for (a) NMOS and (b) PMOS
transistors with WG = 0.3 µm − 3 µm.

FIGURE 13. UTE for (a) NMOS and (b) PMOS transistors with
WG = 0.3 µm − 3 µm.

in BSIM models.

U0(T) = U0(TNOM)

(
T

TNOM

)UTE
. (5)

Extracted mobility temperature exponent, UTE, curves
for N-MOSFETs and P-MOSFETs are shown in Fig. 13.
It is clearly seen in Fig. 13(a) that the values of UTE(T)
for 0.3 µm-wide N-MOSFETs vary from −0.74 to -0.82,
whereas 3 μm-wide N-MOSFETs have UTE values ranging
from −0.55 – −0.77. These fitted values of UTE suggest that
the low-field electron mobility in N-MOSFETs with narrow
width of 0.3 µm is predominated by phonon scattering (μL
∝ T−1.5), whereas combined effects of Coulomb scatter-
ing (μL ∝ T+1.5) and phonon scattering influence electron
mobility for NMOSFETs with 3 µm and 0.6 µm wide-
channels. Another interesting finding from our experimental
and simulation results is that all studied 0.3 µm–3 µm-
wide P-MOSFETs have fitted UTE(T) values ranging from
−0.66 – −0.84, indicating that low-field hole mobility is
influenced by both Coulomb scattering and phonon scatter-
ing. Figs. 14(a) and (b) show a drastic increase in low-field
electron- and hole-mobility when measurement temperature
is lower than 150 K and 200 K, respectively, where phonon
scattering becomes dominant.
RDSW is a parameter to describe source/drain parasitic

resistance, consisting of contact resistance, diffusion resis-
tance between the contact and the gate edge, and crowding
resistance at the gate edge. RDSW does not proportionally
scale with the channel length and gives more impacts on
the drive current of short-channel MOSFETs because RDSW

FIGURE 14. Temperature-dependent U0 for (a) NMOS and (b) PMOS
transistors with WG = 0.3 µm − 3 µm.

FIGURE 15. PRT for (a) NMOS and (b) PMOS transistors with WG = 0.3 µm
− 3 µm.

FIGURE 16. Temperature-dependent RDSW for (a) NMOS and (b) PMOS
transistors with WG = 0.3 µm − 3 µm.

becomes comparable to the conducting channel resistance.
The temperature dependence of RDSW in BSIM model is
given in Eq. (6)

RDSW(T) = RDSW(TNOM) + PRT

(
T

TNOM
− 1

)
. (6)

Extracted PRT(T) curves of RDSW for N-MOSFETs
and P-MOSFETs are shown in Fig. 15. PRT(T) curves
of PMOSFETs generally lands over the curves of N-
MOSFET, whereas PRT(T) of N-MOSFETs appears to have
a stronger temperature dependency than P-MOSFETs. Our
simulated PRT(T) results suggest that As dopants are more
susceptible to incomplete ionization than BF2 dopants at
temperature below 200 K. It is clearly seen in Fig. 16 that
RDSW(T) curves of N-MOSFETs are much lower than that
of P-MOSFETs by a factor of 5 at T = 250 K–300 K,
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and the difference in RDSW(T) gets smaller between N-
MOSFETs and P-MOSFETs at T below 200 K because a
drastic increase in RDSW for NMOSFETs.

Intuitively one may expect a decrease in RDSW by
lowering temperature. However, previous report [31] has
already showed that experimentally-measured RDSW values
of LG = 0.35 µm N-MOSFETs and P-MOSFETs increase
with lowering temperatures from 300 K to 77 K. Concurrent
with the increase in RDSW at low temperatures, the offset
of the channel length (�L), which is defined as the differ-
ence between Lmask and Leff (the effective channel length),
decreases from a positive value to a negative value due to
an overextension of the effective gate length. A negative �L
value at low temperatures suggestes that potential barriers
appear at the gate edges in the overlapping gate-to-source and
gate-to-drain regions. The potential barriers augment para-
sitic resistance. Besides, Luo et al. [35] have also reported
that compared to the case at 300 K, larger RDSW at 77 K
is predominantly induced by incomplete ionization effects
occurring to lightly-doped (LDD) regions near source/drain
for 0.18 µm NMOSFETs. This is because that incomplete
ionization at cryogenic temperature is enhanced particularly
in LDD regions due to higher activation energies required
for lower doping levels [36] as compared to that for heavily-
doped S/D, resulting in a large series resistance in the LDD
regions.

V. CONCLUSION
We presented the cryogenic study of 28-nm CMOSFETs from
300 K to 77 K. Temperature dependencies of V th, DIBL, ION,
and SS for CMOSFETs with WG = 0.3 µm − 3 µm were
experimentally measured and numerically fitted. We observed
that P-MOSFETs appear to have a stronger temperature depen-
dency in terms of V th increase and SS reduction than their
counterpart N-MOSFETs. In contrast, DIBL improvement by
lowering temperature is more significant in N-MOSFETs.
RNWEs on N-MOSFETs in terms of V th roll-off and SS
rise-up are suppressed at cryogenic temperatures, whereas
P-MOSFETs appear to have mild temperature dependence
of anomalous RNWE in terms of V th and DIBL variations.
Based on our experimentally-measured cryogenic character-
istics of CMOSFETs, we have advanced the BSIM modeling
for better design of cryogenic CMOS circuitry.
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