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ABSTRACT This paper presents a device matching study of a commercial 40-nm bulk CMOS technology
operated at cryogenic temperatures. Transistor pairs and linear arrays, optimized for device matching,
were characterized over the temperature range from 300 K down to 4.2 K. The device parameters relevant
for mismatch, i.e., the threshold voltage and the current factor, were extracted, from which the change
in both absolute value and variability as a function of temperature and device size were investigated.
It is shown that the Pelgrom scaling law is valid also at 4.2 K and that the simplified Croon model
is able to accurately predict drain-current mismatch from moderate to strong inversion over the entire
temperature range. Additionally, the characterization of linear device arrays shows exacerbated edge-effects
at extremely low temperatures, thus requiring the addition of dummy devices at the array boundary. The
result of this study is the first model capable of predicting mismatch over a wide range of operating
regions and temperatures.

INDEX TERMS Mismatch, cryogenics, MOSFETs, Cryo-CMOS, modeling, stress, quantum computing.

I. INTRODUCTION
Quantum computers exploit quantum phenomena to solve
computational problems that are intractable even by today’s
most powerful supercomputers. The essential computing ele-
ments of any quantum computer, the quantum bits (qubits),
must be typically cooled to deep-cryogenic temperatures
(10-100 mK) for proper operation and therefore must reside
in dilution refrigerators. Although the actual computations
are carried out by the qubits, classical electronics are still
required to keep qubits in a coherent state and to perform
operations on the qubits as well as to readout their state.
Today, such an electronic interface is implemented by stan-
dard instrumentation equipment at room temperature (RT,
300 K) and long cables running through the refrigerator prop-
agate the electric signals from and to each of the qubits. Such
interconnect strategy is feasible for the few qubits (<100)
available today but poses severe limits in terms of reliability
and cost when scaling up to the thousands or even millions
of qubits required in the future practical quantum comput-
ers [1]. In order to overcome the above mentioned challenges,

the classical control interface must operate in close vicinity
to the qubits and hence also at cryogenic temperatures down
to the liquid-helium temperature (LHT, 4.2 K) and below.
CMOS operating at cryogenic temperature (cryo-CMOS) is
the preferred electronic technology thanks to its maturity,
high level of integration and speed, as required for handling
the narrow voltage/current pulses and microwave signals
employed to control millions of qubits [1]–[7].
For the reliable design of a such controller, device models,

able to predict device behavior at cryogenic temperatures,
are indispensable. Effort has already been dedicated to create
DC models valid in the temperature range from RT down to
LHT [8]–[11]. However, device mismatch at extremely low
temperatures has not gained much attention up until now.
Device mismatch can have severe detrimental effects on

the performance of sensitive circuits, such as data converters
and on-chip references, that are an integral part of the cryo-
genic controller. Mismatch has been extensively investigated
over the military temperature range (−55–125◦C) [12]–[14],
indicating a degradation of matching at lower temperature,
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which, when extrapolated, suggest mismatch effects exac-
erbated at cryogenic temperatures. Cryogenic experiments
indeed confirm this assumption by showing an increase in
the variability of the current factor (β), the threshold volt-
age (VTH) and the drain-current (ID) for 0.5-µm Silicon on
Sapphire (SOS) CMOS devices at LHT [15] and for 0.35-
µm bulk CMOS devices at 5 K [16]. However, only [17]
(of which this paper is an extension) focused on the cryo-
genic characterization of mismatch in an advanced nanometer
CMOS technology, typically required in the interface for a
quantum processor.
To bridge this gap, this work reports the characterization

over the temperature range from RT down to LHT of N- and
PMOS device pairs with 8 different geometries manufactured
in a commercial 40-nm bulk CMOS technology. The variabil-
ity of the device parameters relevant for mismatch analysis,
i.e., β and VTH , have been extracted and their behavior over
temperature and device area has been investigated, demon-
strating that the Pelgrom model [18] holds for nanometer
CMOS down to LHT. With the use of these parameters, a
drain-current mismatch (σ�ID/ID ) model valid from moderate
to strong inversion is validated against measurements. This
analysis is extended beyond the characterization of simple
device pairs by experimentally studying the LHT mismatch
in large arrays of matched devices and assessing the effect
of dummy devices at the array edges.
This paper is structured as follows. In Section II a descrip-

tion of the experimental setup and of the parameter extraction
algorithms is given. Section III details the methods employed
for the mismatch analysis. The measurement results are
presented in Section IV and the results are discussed in
Section V. Conclusions are drawn in Section VI.

II. EXPERIMENTAL SETUP AND METHODS
A. EXPERIMENTAL SETUP
Measurements have been carried out on 3 dies manufactured
in a commercial 40-nm bulk CMOS process comprising low-
threshold-voltage (LVT) 1.1-V N and PMOS devices. The
two types of test structures are highlighted in the die micro-
graph of Fig. 1: the device pairs, designed for mismatch
characterization and the linear device arrays, targeted at edge
effects.
All the devices share a common source connection while

the drain and gate connections can be independently enabled
by means of transmission gates, as depicted in the block dia-
gram of Fig. 2. Each transmission gate can be individually
enabled by a latched shift register, which is daisy-chained to
form a chip-level shift register. The voltage drop across the
cables, bondwires and transmission gates was mostly com-
pensated for by using Kelvin connections up to the source
and drain diffusions of the devices.
Each die contains devices with 8 different geometries, as

summarized in Fig. 3. For each geometry, 33 device pairs
per die with dummies placed on both sides (to mitigate
stress effects) were available. The linear arrays consist of
28 devices placed at the minimum allowable distance in a

FIGURE 1. Die micrograph (center) with zoomed detail. Left:
matched-device array; right: matched pair.

FIGURE 2. Simplified schematic of the circuit used to measure the
matched pairs (M1 and M2). Arrays comprise 14 such circuits.

FIGURE 3. Device geometries available for mismatch and dummy/stress
characterization.

single row. No dummy transistors were placed adjacent to
the first (device #1) and last device (device #28) in each
array. A total of 9 arrays per die were available for each
of the array geometries described in Fig. 3. Unless specif-
ically mentioned, metal fillers were kept away further than
5 µm from the active devices in the pairs and arrays to min-
imize the effect of metal coverage, stress and asymmetries
on device matching.
For the electrical characterization, Keithley 2636B Source

Measurement Units (SMUs) were used to force voltages
at the source, drain and gate terminals and record the drain
current. To allow for the measurement of low currents, active
guarding in combination with triaxial cabling was employed.
In all the experiments, the drain current (ID) as a function of
gate voltage (VG) was measured by electrically shorting the
source voltage to the bulk, i.e., to 0 V for the NMOS and
to 1.1 V for the PMOS and setting the drain-source voltage
to |VDS| = 50 mV and to |VDS| = 1.1 V for operation in
triode or saturation, respectively.
All devices were measured sequentially in a 3-step pro-

cedure: 1) after selecting the target transistor by shifting the
correct bit pattern into the shift register, the ID-VG curve is
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FIGURE 4. Measurement setup. a): dipstick; b) detail of PCB on the
dipstick. The temperature sensor (Cernox RTD) is located on the opposite
side of PCB. Relays used for die selection; c) cryogenic probestation;
d) detail of the PCB in the cryogenic probestation.

measured; 2) the same measurement is carried out a sec-
ond time; 3) all devices are de-selected by shifting in an
all-0 pattern and the measurement is carried out a third
time. The measurement in step 1 is the actual measurement
used for the analysis, while the measurement in step 2 is
done to check the Short-Time-Repeatability (STR) of the
characterization, which is an indication of the reliability of
the experiment and is used to guard against measurement
errors due to bad contacts, sudden (unintended) tempera-
ture changes and interference. The STR is always below
0.2% over the bias range, thus not significantly impacting
measurement results. The measurement in step 3 quanti-
fies the leakage current (∼200 nA @ 300 K) due to the
large number (5136) of transmission gates connected in par-
allel and it is required to compensate for such leakage in
order to extend the measurement range to lower current lev-
els. Since the transmission-gate leakage is weakly bias and
temperature dependent, a residual error remains after com-
pensation. By discarding measured data for too low drain
current, it was ensured that the leakage-induced error was
always below 10%.
Three dies were glued and wire-bonded to a PCB that

was either placed in a Lakeshore CPX cryogenic probestation
equipped with Lakeshore model-336 temperature controllers,
or on a dipstick inserted into a dewar containing liquid
helium for cryogenic cooling, see Fig. 4. Ambient temper-
ature was continuously monitored during the measurement,
to ensure that the temperature had settled and that the tem-
perature difference between the measurement of each device
in a pair was below 5 mK.

B. PARAMETER EXTRACTION PROCEDURE
From the measured ID−VG data, the threshold voltage (VTH)
and the current factor (β) were extracted via the maximum-
Gm method [19]. Although the long-channel approximation
used by this scheme may not be the most appropriate choice
for advanced technology nodes, it extracts the parameters
at a point derived from the data itself, i.e., the bias point
with the maximum transconductance Gm. This is an advan-
tage over the other two well-known extraction methods, i.e.,
the constant current [19] and the 3-point [20] method, that
either rely on an arbitrary target current or on multiple points

FIGURE 5. Drain-current mismatch per device pair for 99,
W/L = 360n/120n NMOS pairs. Ensemble mean (green) and standard
deviation (magenta) indicated.

chosen on the ID − VG curve. Moreover, since this work is
mainly concerned with parameter mismatch, the extraction of
the actual physical parameter value is of minor importance.
Mismatch is extracted accurately as long as the parame-
ters are derived in a reliable and repeatable way for every
device [21].
Following the extraction of VTH and β for each pair, their

mismatch (�VTH and �β/β) and their variability, i.e., their
standard deviation σ�VTH and σ�β/β , are calculated from a
sample size of 99 device pairs. The error bars in the fol-
lowing plots indicate 95% confidence intervals. Only for
the geometries used for both the pairs and the arrays (see
Fig. 3), a sample size of 351 is employed by also exploiting
the devices in the array, thus resulting in a better statistical
accuracy. For the arrays 27 devices per position were con-
sidered. The resulting σ�VTH and σ�β/β are used as input
to the Croon model to compute the drain-current mismatch
σ�ID/ID (see Section III-B) [22].

III. MISMATCH ANALYSIS
A. DRAIN-CURRENT MISMATCH
When a single transistor pair (M1, M2) is considered, its
drain-current mismatch can be defined as follows:

�ID
ĪD

= 2
(
ID1 − ID2

)

ID1 + ID2

, (1)

where the overbar is the average value operator and the
subscript indicates the first or second device of a pair.
Two different types of mismatch can be distinguished:

systematic and random mismatch. Systematic mismatch
arises from any asymmetry between the devices of a pair,
e.g., when paired devices are (partially) covered by metal,
have different proximity to wells or have their drain-
current flowing in different directions. These sources of
mismatch can be minimized by careful layout. Random
mismatch can be mostly attributed to microscopic varia-
tions, e.g., Random Dopant Fluctuation (RDF), Line Edge
Roughness (LER) of the gate and Oxide Thickness Variation
(OTV) [23], which are inevitably introduced during man-
ufacturing and cannot be compensated at design time. In
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FIGURE 6. ID − VG curves as function of temperature for: a) NMOS/PMOS W/L = 120n/40n; b) NMOS/PMOS W/L = 360n/120n and c) NMOS/PMOS
W/L = 1.2µ/400n. T = 4.2, 10, 40, 50, 100, 150, . . . , 300 K. VS = 0 V and VS = 1.1 V for NMOS and PMOS, respectively.

this work, care was taken to minimize any systematic mis-
match in the device-pair structures, so as to accurately
characterize the random mismatch. At the same time, the
array structures are used to characterize some systematic
effects.
As an example, the drain-current mismatch of 99 NMOS

device pairs (W/L = 360n/120n) measured at RT is plot-
ted in Fig. 5, together with its ensemble mean and standard
deviation curves. The mean value of the drain-current mis-
match is close to 0 over the full operating range, well within
the margin of both the experimental and the statistical inac-
curacy. This indicates a mismatch dominated by random,
rather than systematic variation, thus validating the experi-
mental approach. Similar considerations apply to the other
pair geometries.

B. MISMATCH MODELING
In order to provide designers of cryogenic circuits with the
ability to predict device variability, the Croon model is used
for drain-current mismatch [22]:

σ 2
�ID/ĪD

= σ 2
�β/β̄

+
(
Gm
ĪD

)2

σ 2
�VTH , (2)

where σ is the standard deviation operator and Gm is the
transconductance.
This model is based on a Taylor expansion of the drain

current expressed as:

ID = βf (VGS − VTH), (3)

with f (·) an arbitrary function and Gm = ∂ID/∂VGS.
The well-known area dependence of the threshold-voltage

and current-factor variability is described by the Pelgrom
law [18]:

σ�VTH = AVTH√
WL

σ�β/β̄ = Aβ√
WL

, (4)

where AVTH and Aβ are technology-dependent factors and W
and L are the active device width and length, respectively.
Eq. (2) and (4) were first validated with cryogenic mea-

surements, after which the temperature dependent σ�VTH and
σ�β/β̄ interpolated from Eq. (4) were fed into Eq. (2) to form
a full mismatch model.

FIGURE 7. Threshold voltage (a) and current factor (b) as a function of
temperature for NMOS and PMOS devices with different geometries.

IV. MEASUREMENT RESULTS
This Section describes the measured data and observations
for individual devices, device pairs and device arrays, from
which new insights are gained for mismatch of transistor
pairs and the impact of layout and placement for transistor
arrays.

A. CRYOGENIC TRANSISTOR BEHAVIOR
Fig. 6 shows typical ID − VG curves obtained at vari-
ous temperatures between RT and LHT by averaging data
measured from the 99 device pairs for each of the 3
reported geometries. To further investigate the tempera-
ture dependence of VTH and β, these parameters were
extracted at different temperatures, see Fig. 7. As expected,
both a VTH (Fig. 7a) and β (Fig. 7b) increase for both
NMOS and PMOS devices was observed when temper-
ature is decreased. Both parameter values saturate below
approximately 40 K.
Devices in this technology did not show any specific cryo-

genic non-idealities, such as the “kink-effect”, i.e., a sudden
increase in ID at high |VDS| and |VGS|, or hysteresis in
the ID − VD or ID − VG characteristics. This matches the
expectations of [11], which predicts the absence of such
effects in nanometer CMOS. Those effects are mainly due
to a combination of the increased impact ionization and of
the higher bulk resistivity at cryogenic temperatures, which
are mitigated in nanometer CMOS by the increased dop-
ing levels, by the lower mobility due to higher vertical
electric fields and, more relevantly, by the lower supply
voltage [11].

266 VOLUME 8, 2020



’T HART et al.: CHARACTERIZATION AND MODELING OF MISMATCH IN CRYO-CMOS

FIGURE 8. Pelgrom plots for VTH and β with length dependency indicated by separate fitting for each length at RT (red) and LHT (blue). a), b) NMOS;
c), d) PMOS. Error bars indicate 95% statistical confidence intervals.

FIGURE 9. Drain-current mismatch for NMOS devices as a function of temperature (VDS = 50 mV). T = 4.2, 40, 100, 150, 200 and 300 K.
a) W/L = 120n/40n; b) W/L = 360n/120n; c) W/L = 1.2µ/400n. Dots: measured data; lines: simplified Croon model as in Eq. (2).

FIGURE 10. Drain-current mismatch for PMOS devices as a function of temperature (|VDS| = 50 mV). T = 4.2, 40, 100, 150, 200 and 300 K.
a) W/L = 120n/40n; b) W/L = 360n/120n; c) W/L = 1.2µ/400n. Dots: measured data; lines: simplified Croon model as in Eq. (2).

TABLE 1. Scaling factors as function of temperature and device length in [m], 95% confidence interval indicated.

B. TRANSISTOR PAIRS
The extracted σ�VTH and σ�β/β̄ , are plotted as a function of
device geometry for both RT and LHT in the Pelgrom plots
in Fig. 8. The geometries have been grouped according to
device length into 3 bins (L = 40nm, 120 nm and 400 nm)
to highlight the length dependency of the A-factors.
Pelgrom’s law was fit to the measured data using a linear

fitting weighted by the error bars. The resulting AVT and
Aβ values are reported in Table 1. It can be concluded that
variability of both parameters increases at LHT compared

to RT and that Pelgrom’s law is valid at both tempera-
tures with increased A-factors at cryogenic temperatures.
The σ�VTH increase is statistically less significant if com-
pared to σ�β/β̄ , as error bars in Fig. 8a and c are partially
overlapping. This is reflected especially in the AVT of
the smallest geometry as can be seen in the confidence
intervals reported in Table 1. If RT and LHT A-factors are
compared by averaging their increase over the 3 geome-
tries and 2 device types, it becomes clear that Aβ shows
the largest temperature variations (+75%) with respect to
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AVT (+22%). The A-factor length dependency is particu-
larly significant for β, increasing in value as devices become
longer.
Mismatch fluctuation sweeps [14] for devices at different

temperatures between LHT and RT are shown in Fig. 9 and
Fig. 10. With these data, the performance of the measure-
ment setup was assessed by comparing the standard deviation
of the 300 K data with Monte Carlo simulations generated
using the model provided by the foundry, which resulted in
less than 13% deviation over the plotted range. Drain-current
mismatch was found to increase with decreasing |VGS| for
all temperatures. When temperature is decreased from RT
to LHT, mismatch increases in all operating regimes from
moderate to strong inversion. Over the reported temperature
range, matching can deteriorate up to 10× in moderate inver-
sion, if evaluated at equal |VGS| (Fig. 9c). In all the 6 plots,
the model in Eqn. (2) using the above-mentioned parameters
(σ�VTH and σ�β/β̄ in Fig. 8) is superimposed on the experi-
mental data. The model is able to predict the measured data
over all the measured geometries and temperatures by using
the unmodified, extracted σ�VTH and σ�β/β̄ values, without
employing any fitting.

C. TRANSISTOR ARRAYS
Dummy devices are routinely placed adjacent to matched
devices in order to mitigate edge and stress effects and
improving the overall geometrical symmetry of these struc-
tures, thereby improving matching. As matching deteriorates
at cryogenic temperatures, it is worthwhile to investigate
the effect of dummy devices on parameter variability at
these low temperatures. This is especially interesting, as
an increase in mechanical-stress-induced mismatch can be
expected due to a significant thermal expansion/contraction
at very low temperatures [24]. For this experiment IDSAT ,
VTH and β were extracted from devices placed in linear
arrays.
In Fig. 12 and Fig. 13, IDSAT (ID||VGS|,|VDS|=1.1 V) is

plotted as a function of device position for NMOS and
PMOS devices. The values at RT and LHT are normalised
to the corresponding median value to enable a comparison
between the two temperatures. A variability increase for both
NMOS and PMOS devices can be recognized by elongated
error bars, both when temperature and the device area are
decreased. Considering the NMOS devices in Fig. 12, the
effect of array position starts to become significant only
for large devices, while it is overshadowed by random mis-
match for smaller devices. A significantly larger IDSAT for
the two outer devices (position #1 and #28) can be seen
in Fig. 12c, although a clear temperature dependence is not
visible.
Compared to NMOS, the PMOS devices in Fig. 13 exhibit

larger and opposite sensitivity to placement in the array.
Significant IDSAT changes are visible in the outer devices
for both medium (Fig. 13b) and large sizes (Fig. 13c) at
both RT and LHT. When the structures are cooled down
to LHT, IDSAT of these outer devices changes by a factor

FIGURE 11. Drain-current mismatch as a function of temperature at a
fixed Gm/ID in saturation (VDS = 1.1 V). a) Gm/ID = 5 V−1;
b) Gm/ID = 10 V−1. Marks: measured data, lines: simplified Croon model
as in Eq. (2). Arrow points in direction of decreasing W/L: 1.2 µ/40n,
360n/120n and 120n/40n.

of approximately 2 compared to RT. A statistically signif-
icant deviation of the drain current of the outer device is
also visible for the small devices (Fig. 13a), but to a lesser
extent.
To gain more insight into the physical mechanisms at play,

the extracted (normalised) VTH and β are plotted at both RT
and LHT for both NMOS and PMOS devices in Fig. 14 and
Fig. 15.
These devices show an average VTH increase of ∼100 mV

for NMOS and ∼180 mv for PMOS devices, respectively,
and a β improvement by a factor of 1.3 to 1.5 at LHT
compared to RT, depending on geometry.
Starting with RT data, the small and medium NMOS

devices shown in Fig. 14a, b, g and h do not exhibit sig-
nificant changes at the edge of the array. For the largest
geometry, a significant 1% increase in β can be observed
at device positions #1 and #28 in Fig. 14i, while the VTH
is not affected. Similar results are found for NMOS arrays
cooled down to LHT in Fig. 14.
PMOS devices start to show very significant sensitivity to

array position for geometries larger than W/L = 360n/120n,
as plotted in Fig. 15. Considering minimum size devices
at RT, only device position #1 (Fig. 15g) shows a clear
deviation from the median, while this is not the case for LHT
(Fig. 15j) or other positions. Therefore this is not considered
a dummy effect. The medium and large geometries at RT
exhibit a significant β decrease (∼1%) in positions #1 and
#28 as seen in Fig. 15h and i. The effect is stronger at
LHT (Fig. 15k and l), where β decreases with ∼3.3% for
the outermost devices. For these positions there is also a
slight VTH increase, especially for the largest device with an
increase of ∼2 mV at RT and ∼3 mV at LHT.

V. RESULT INTERPRETATION
The increased drain current at high |VGS| in Fig. 6 is
related to the competing cryogenic effects of β and VTH
increase. The improved mobility, due to reduced phonon and
increased Coulomb scattering at cryogenic temperatures [25],
directly relates to an increase of β, improving current drive.
Conversely the VTH increase lowers the drain current and
is mainly the result of bandgap widening and Fermi-Dirac
scaling at deep-cryogenic temperatures [26]. Depending on
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FIGURE 12. Relative IDsat
(ID|VDS=VGS=1.1 V) values as a function of device position for NMOS devices at RT (red) and LHT (blue): a) W/L = 120n/40n;

b) W/L = 360n/120n and c) W/L = 1.2µ/400n. Zero deviation emphasized by the black lines and error bars indicate 95% confidence intervals.

FIGURE 13. Relative IDsat
(ID|VDS=VGS=1.1 V) values as a function of device position for PMOS devices at RT (red) and LHT (blue): a) W/L = 120n/40n;

b) W/L = 360n/120n and c) W/L = 1.2µ/400n. Zero deviation emphasized by the black lines and error bars indicate 95% confidence intervals.

the operating regime, either VTH (moderate inversion, MI) or
β (strong inversion, SI) governs the drain-current behaviour
and the cross-over point, where the two effects cancel, is
approximately temperature insensitive, as visible in Fig. 6.
The drain current saturates close to 4.2 K, visible when
zooming into Fig. 6, which is compatible with the flat-
tening of VTH and β curves visible in Fig. 7, also shown
in [26].
The VTH variability increase at cryogenic temperatures

in Fig. 8a and c can be attributed to charge trapping in
shallow traps at the Si/insulator interface, which due to
the low carrier energy at LHT, remain trapped and per-
turb VTH [15]. β variability increase can be attributed to the
above mentioned shift from phonon-dominated scattering to
impurity (dopant) scattering, which is a major contributor
to mobility fluctuations [14]. It can be concluded from the
data in Fig. 8 and Table 1 that mobility fluctuations are
impacted at cryogenic temperatures much more strongly than
threshold-voltage fluctuations.
The observed length dependency of the A-factor, visible in

Fig. 8 and Table 1, can be attributed to halo/pocket implants
employed to mitigate short-channel effects. Although these
implants degrade matching because of RDF by increasing the
doping concentration (RDF), this mechanism is not strongly
concentration dependent [23]. However, due to the strong
control of device electrostatics in the heavily doped pock-
ets, the area where fluctuation impact device behavior is
reduced, increasing mismatch [27]. The observed effects
are in agreement with the data supplied by the foundry
for RT.

The drain-current mismatch increase for lower |VGS|
(Fig. 9 and Fig. 10), observed for all temperatures and
devices, is due to the higher Gm/ID when moving towards
weak inversion (WI), which modulates the VTH variabil-
ity contribution in Eqn. (2). The increase of σ�ID/ĪD with
decreasing temperature for a fixed VGS bias is mainly caused
by the VTH increase (Fig. 7), since a higher VTH reduces the
gate overdrive and shifts the device operating region towards
WI, where drain-current mismatch is inherently larger, as
explained above. As the subthreshold slope (SS) is enhanced
at cryogenic temperatures [11], Gm/ID is higher at lower
temperature, thus increasing the impact of the σ�VTH term
even more.
To investigate the effect of biasing and to indicate

possible techniques that mitigate mismatch for cryogenic
circuit design, σ�ID/ĪD has been plotted at two different
Gm/ID values as a function of temperature in Fig. 11.
As the Gm/ID term is kept constant, the only deteriora-
tion observed when the temperature is reduced from RT
to LHT is caused by the temperature dependence of the
parameter variability. In these bias regions, it is mainly
the VTH variability that controls drain-current mismatch,
which does not increase by more than 1.2×, in agreement
with the extracted increase of σ�VTH over this temperature
range.
The sensitivity of IDSAT to dummy placement in Fig. 12

and Fig. 13 is found to be opposite for NMOS and PMOS.
This points to an effect of piezo-resistive origin, whose
coefficients have typically different signs for n- and p-type
silicon [28]. The effect alters mobility as a function of
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FIGURE 14. Normalised VTH (circle) and β (triangle) as a function of device position for NMOS devices at RT (red) and LHT (blue). First column:
W/L = 120n/40n; second column: W/L = 360n/120n; third column: W/L = 1.2µ/400n. Error bars indicate 95% confidence intervals.

mechanical stress originating from, for example, Shallow
Trench Isolation (STI) surrounding each device. The effect of
STI stress on MOSFETs has been known for years [29] and
has been widely reported as compressive in nature, enhancing
hole- and deteriorating electron-mobility [30], [31]. However,
an increase in NMOS and decrease in PMOS IDSAT observed
in these measurements is opposite to what is typically
reported. The piezo-resistive effect is highly anisotropic,
resulting in changes in electron- or hole-mobility with any
combination of sign, depending on crystal, device-current
and stress orientation [32]. Unfortunately, the device orien-
tation with respect to the crystal for the transistor pairs/arrays
is not known. Additionally, prior works also report deviations
from the often encountered compressive, longitudinal (i.e.,
parallel to device current), uni-axial stress. In [24] it is shown
that apart from the longitudinal stress component also the
transverse component needs to be taken into account, which,
if compressive, can degrade PMOS mobility. In [33] PMOS
insensitivity to STI stress is reported, which was attributed to
the wafer crystal orientation. The device arrays characterized
in this work are placed in a rectangular STI cut-out. The large
aspect ratio of the cut-out, could potentially lead to compres-
sive transverse, and tensile longitudinal stress for the outer
devices. This is different from single devices surrounded by
STI and could also explain the difference observed here.
Another factor that has been shown to impact MOSFET

mobility is metal coverage [34]. The reported mobility shifts

as a result of metal-1 coverage (M1) are compatible with
the results presented in this work. The devices in the inte-
rior of the array are impacted by the inevitable source/drain
M1 interconnect of the two neighboring devices, while the
two outer devices only encounter the effect of metal cover-
age from one neighboring device, thus also explaining the
mobility shifts observed.
Apart from the mobility change, VTH is also found to shift

for the outer most devices in Fig. 15c and f, which can also
be attributed to mechanical stress, as also reported in [24]
and [33].
A practical guideline for circuit designers is that dummies

can mitigate such effects, but no more than one dummy
device on each side is required. Furthermore, the beneficial
effect of such dummy is only significant for large devices
for which device mismatch is not overpowering the stress
effects.

VI. CONCLUSION
A commercial 40-nm bulk CMOS process was charac-
terized over the temperature range from 300 K down
to 4.2 K. The analysis of threshold-voltage and current-
factor variability in matched transistor pairs showed that
the Pelgrom scaling law remains valid down to deep-
cryogenic temperatures. The current-factor variability, and
consequently the A-factors, increase at these low temper-
atures by ∼75%, while the threshold-voltage variability

270 VOLUME 8, 2020



’T HART et al.: CHARACTERIZATION AND MODELING OF MISMATCH IN CRYO-CMOS

FIGURE 15. Normalised VTH (circle) and β (triangle) as a function of device position for PMOS devices at RT (red) and LHT (blue). First column:
W/L = 120n/40n; second column: W/L = 360n/120n; third column: W/L = 1.2µ/400n. Error bars indicate 95% confidence intervals.

remains substantially unaffected. The Croon model was
successfully employed to accurately predict drain-current
mismatch over the above-mentioned temperature range and
for several device geometries. Further measurements on lin-
ear arrays of transistors uncovered a systematic mismatch
related to device placement at the array edges, which has
been attributed to mechanical stress. It was shown as a
countermeasure that, when random mismatch is not over-
shadowing such an edge effect, placing dummy devices at
the array edge can alleviate such effect. The availability of
the presented mismatch model and of data on dummy place-
ment for such advanced nanometer CMOS process enable the
reliable design of the cryogenic circuits required for future
large-scale-quantum computers.
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