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ABSTRACT A compact analytical model is proposed along with a parameter extraction methodology
to accurately capture the steady-state (DC) sequential tunneling current observed in the subthreshold
region of the transfer IDS − VGS characteristics of MOSFETs at cryogenic temperatures. The model is
shown to match measurements of p-MOSFETs and n-MOSFETs manufactured in a commercial 22nm
FDSOI foundry technology, with reasonable accuracy across bias conditions and temperature (2 K - 50 K).
Furthermore, the extracted model parameters are used to analyze the impact of the gate and drain voltages
and of layout geometry on the device characteristics.

INDEX TERMS Compact modeling, Coulomb Blockade, cryogenics, semiconductor quantum dot, silicon
germanium, silicon-on-insulator, cryo-CMOS.

I. INTRODUCTION
Cryogenic characterization [1]–[4] and modeling of CMOS
technologies [5], [6] have gained attention in the past few
years because of their potential use in cryogenic control and
readout electronics for quantum processors [7]–[9]. While
much of this work was focused on modeling the classical
behavior of MOSFETs at cryogenic temperatures, discussion
on how to capture the experimentally observed quantum
effects in a compact model for circuit design is lacking.
Production FinFET [10], [11] and FDSOI MOSFETs [12]
exhibit strong sequential tunnelling effects in their I-V char-
acteristics in the subthreshold region at low temperatures
up to 50 K [13] due to the formation of a quantum dot
(QD) in the device channel. Strong charge confinement is
created due to the gate and STI oxides in the directions per-
pendicular to the channel, and due to electrostatic potential
barriers formed below the gate oxide spacers [14] towards the
source and drain. As sketched in the cartoon in Fig. 1, this

leads to single electron/hole transistor (SET/SHT) behavior
which manifests itself as multiple current peaks and val-
leys in the subthreshold region of the transfer characteristics
at low VDS [10]. At larger VDS, transport across multiple
energy levels will make the peaks less clearly defined. In
FDSOI MOSFETs, Fig. 2, the positions of the current peaks
and valleys can be controllably shifted to higher and lower
VGS values by employing MOSFETs with different thresh-
old voltage flavors and back-gate doping type, as illustrated
in Fig. 3, and also by changing the back-gate voltage.
Fig. 4 shows that, in the latter case, the current peak val-
ues also change by orders of magnitude due to the interplay
between the barrier heights and the quantized energy lev-
els in the QD. The similar �VGS between the first and the
second detected peaks (30-34 mV for devices in Fig. 3)
for devices with identical geometry but different Vt flavors
suggests that this behavior depends primarily on the device
geometry.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

600 VOLUME 10, 2022

HTTPS://ORCID.ORG/0000-0002-2488-9428
HTTPS://ORCID.ORG/0000-0001-7523-7254
HTTPS://ORCID.ORG/0000-0001-6223-7503
HTTPS://ORCID.ORG/0000-0001-5544-0845
HTTPS://ORCID.ORG/0000-0001-9471-6306
HTTPS://ORCID.ORG/0000-0002-7603-9046
HTTPS://ORCID.ORG/0000-0003-1698-2638
HTTPS://ORCID.ORG/0000-0003-2279-0237
HTTPS://ORCID.ORG/0000-0001-5134-1970


PATI TRIPATHI et al.: CHARACTERIZATION AND MODELING OF QD BEHAVIOR IN FDSOI DEVICES

FIGURE 1. Cartoon I-V characteristics of a MOSFET based SHT with the
total current (solid black), classical MOSFET current (dashed red) and QD
tunnelling current (dash-dot blue).

FIGURE 2. Cross-section diagram of SLVT FDSOI CMOS transistors which
behave as single-electron/hole transistors (SETs/SHTs) at cryogenic
temperatures. The QD in the conduction/valence band (EC/EV) in the
n/p-MOSFET is depicted under their respective gates, showing the
formation of the energy potential barriers in the x-direction under the gate
spacers and occupation of the ground state energy level by an
electron/hole below/above the Fermi potentials in the source and drain
regions.

Unfortunately, this behavior, which will manifest itself
at progressively higher temperatures in future, aggressively
scaled technology nodes, is not captured by any of the
current MOSFET compact models. These effects are also
crucial when operating MOSFETs as QD qubits and in
any analog mixed-signal circuits where the MOSFETs are
biased in the subthreshold region. The former is very impor-
tant for simulating monolithic quantum processors with
the qubits and interface electronics integrated on the same
die [12], [15]–[17]. Additionally, a comprehensive model
capturing these effects will provide a means to analytically
compare and analyze these quantum effects across various
technology nodes for implementing qubits and quantum dot
charge sensors, and help inform design decisions to control
these effects.

FIGURE 3. Transfer characteristics of identical layout, single gate finger
18nmx50nm FDSOI p-MOSFETs with 6 dummy gates and different
threshold voltage flavors fabricated on the same die and measured a few
minutes apart at T= 2 K under 2.5 Tesla magnetic field and at
VDS = −1 mV. �VGS between the first and second detected tunnelling
current peaks varies between 30 mV and 34 mV for the super low Vt ,
SLVTP, (undoped channel and p-type back-gate well region), SLVTP_TL
(same as SLVTP but coupled to a λ/2 transmission line resonator at
60 GHz), low Vt , LVTP, (implanted channel for threshold adjustment), and
reverse well, RVTP, (undoped channel with reversed back-gate well
polarity) devices. �VGS = q

CG
where CG is the intrinsic capacitance

between the gate and the QD below the gate and q is the electron charge.
All devices were measured with a floating back-gate.

In this work, the presence of quantum effects in FDSOI
p-MOSFETs and n-MOSFETs is demonstrated and charac-
terized. Furthermore, a compact analytical model accurately
capturing the impact of eigenenergy spacing due to charge
quantization and of Coulomb blockade on the drain current
characteristics of a MOSFET-based semiconductor QD is
described. This model is implemented as a Verilog-A add-on
to the foundry design kit model (Fig. 5). Section II discusses
the FDSOI device structure and the formation of the spacer-
defined QD in these devices, while Section III describes the
model equations and the model parameter extraction method-
ology. Section IV compares the model with measurements
of 18 nm x 70nm SLVT FDSOI p-MOSFETs and SLVT
n-MOSFETs across bias and temperatures and highlights its
limitations and possible future extensions to make it more
physical. An application scenario of the compact model to
the simulation of a SET with a transimpedance amplifier
for charge-based readout of semiconductor qubits is also
discussed. Finally, the conclusion is presented in Section V.

II. SI/SIGE SEMICONDUCTOR QUANTUM DOTS IN FDSOI
The cross-sections of the 22nm FDSOI n/p-type SLVT
MOSFETs are depicted in Fig. 2. The SLVT devices have
the lowest threshold voltage and are best suited for SET/SHT
and cryogenic controller design because they allow for
a larger VDD − Vt bias range at cryogenic temperatures,
where the absolute value of the threshold voltage increases
by up to 200 mV. A QD capable of confining individual
electrons/holes is formed in the conduction/valence band
(EC/EV) at the center of the channel region between source
and drain. The top gate oxide and the buried oxide (BOX)
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FIGURE 4. Measured transfer characteristics of a 18nmx70nm (with 6 dummy gates) (a) p-MOSFET for VBG = −0.78 V to −3.02 V and (b) n-MOSFET for
VBG = −0.5 V to 3.02 V at |VDS| = 1 mV and T = 2 K.

FIGURE 5. Schematic of the proposed compact model with the foundry
p-MOSFET (I0), adapted to fit classical cryogenic behavior, in parallel with
a single-hole transistor model implemented in Verilog-A (I1). The subscript
t is used to indicate the circuit elements needed to model tunnelling and
disambiguate from traditional MOSFET parasitic capacitances.

form potential barriers in the z-direction while the barriers in
the y-direction are due to STI oxides. These potential barriers
are a few eV in height and can be considered infinitely tall
relative to the thermal energy at 50 K (≈3 meV), the highest
temperature at which SET/SHT behavior is observed. Finite
potential barriers are also created below the gate oxide spac-
ers along the x-direction, between the channel region under
the gate and the heavily doped source and drain contact
regions, since the gate metal does not cover the gate oxide
spacers [12]. In the p-MOSFET, because of the higher Ge
mole fraction in the source/drain regions compared to that
in the SiGe channel [18], a heterojunction is formed which
increases the potential barrier height in the valence band of
p-MOSFET compared to that encountered in the conduction
band of the n-MOSFET. This leads to stronger confinement
in the p-MOSFET QD compared to the n-MOSFET QD,
where the potential barriers are purely electrostatic.
Modeling the SET/SHT behavior of these FDSOI

MOSFETs requires information about the first few eigenen-
ergy levels. An analytical expression for the eigenenergies
of the FDSOI MOSFET QD can be derived using the

time-independent Schrödinger equation (TISE) [19]
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where V(x, y, z) describes the potential energy of the elec-
tron/ hole in 3D space with a parabolic approximation for the
effective mass, m∗, which is assumed to be anisotropic but
homogeneous. Since the thin channel is surrounded by oxide,
the energy potential barriers can be considered infinite in the
y- and z-directions (ψx,y,z = 0 for y ∈ [−Wf /2,Wf /2] and
z ∈ [−tch/2, tch/2]). Assuming the reference potential inside
the QD to be 0, the potential profile can be approximated as
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For a MOSFET with known gate length, Lg, gate finger
width, Wf, and channel thickness, tch, the nth eigenener-
gies due to confinement in the y- and z-directions can be
found as the solutions of the infinite rectangular potential
well [19]
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where m0 is the electron rest mass and l, n = 1, 2, 3..
are positive integers. To obtain the approximate x-direction
eigenenergy solutions, either a TCAD simulation of the
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FIGURE 6. (a) Measured ISD − VGS characteristics of a 18nmx50nm SLVT p-MOSFET at VDS = −1 mV and T = 2 K indicating the relevant VGS values for the
simplified valence band diagrams (shown in blue). (b) Simplified valence band diagram corresponding to bias point (b) when the energy levels in the QD
are not occupied by holes and are located below the source Fermi level (EF,S). (c) Simplified valence band diagram corresponding to bias point (c) when
the first energy level in the QD lies between the source and drain Fermi levels (EF,D). A hole can tunnel sequentially from the source into the first energy
level in the QD and then into the drain, corresponding to the first tunnelling current peak in the transfer characteristics. The energy required to add
another hole in the QD increases by EC (charging energy) beyond that required by the first hole. (d) Simplified valence band diagram corresponding to
bias point (d) when the first energy level in the QD lies above the EF,D and is occupied by a single hole which remains confined in the QD.

EC/EV profile along the channel (as in [12]) or a sim-
ple finite rectangular potential well approximation can be
used (with trade-offs in accuracy). For the minimum sized
n-MOSFETs available in the 22nm FDSOI CMOS process
with Lg = 18 nm, assumed finite rectangular well height of
Vx,0 = 9 meV [12] and m∗

x = 0.2 m0 [20]), the difference
between the first and second eigenenergy solutions in the
x-direction is found to be ≈5.75 meV [19]. Similarly for
the minimum sized p-MOSFET with the same Lg = 18 nm,
but with assumed finite rectangular well height of Vx,0 =
40 meV [12] and m∗

x = 0.08 m0 [21], the difference between
the first and second eigenenergy solutions in the x-direction
is found ≈19.99 meV. These differences between the first
two eigenenergy levels are larger than those in the y-direction
for the minimum sized MOSFETs with Wf = 50 nm. If the
y-direction effective masses are assumed to be the same
as those in the x-direction, then E2,1 - E1,1 is 2.256 meV
for the n-MOSFET and 5.64 meV for the p-MOSFET. The
eigenenergies from quantization in the z-direction need not
be considered for a model of the first few eigenenergy levels
of the FDSOI MOSFET QDs since the channel is very thin
(tch ≈ 6 nm).

III. QUANTUM DOT MODEL
A. MODEL EQUATIONS
The measured transfer characteristics at 2 K of a minimum
size p-MOSFET biased at VDS = −1 mV are shown in
Fig. 6 along with cartoons of the corresponding valence band
diagrams illustrating sequential tunnelling of holes from the
source into the drain. When |VGS| is low, all QD energy levels
lie below the source Fermi level (EF,S) and no tunnelling
current flows in the device (Fig. 6(b)). As VGS becomes
more negative, the first energy level in the valence band
QD moves between the source and drain Fermi levels, EF,D
(Fig. 6(c)). Holes can now sequentially tunnel (one by one)
from the source reservoir into the drain reservoir via the

first energy level of the QD, leading to a current peak in the
measured transfer characteristics (Fig. 6(a)). While the first
energy level of the QD is occupied by a hole, extra energy
is required to add the second hole of the opposite spin.
This extra energy must overcome the Coulomb repulsion
force caused by the first hole and is known as charging
energy, EC. As VGS, becomes more negative, (Fig. 6(d)),
the tunnelling current is blocked. This effect is known as
Coulomb Blockade [22].
The impact of sequential tunnelling on the I−V character-

istics becomes significant when the following two conditions
are satisfied. First, the resistances of the potential barriers
between the source and drain and the QD should each be
larger than h/q2 = 25.8 k� (where h is Planck’s constant
and q is the electron charge). Second, the addition energy
required to add the ith electron/hole to a QD (Eadd,i), is larger
than the thermal energy, kBT , where kB is Boltzmann’s con-
stant and T is the absolute temperature) [22]. The latter
condition can be expressed as:

Eadd,i = EC,i +�Ei = q2

Ctot,i
+�Ei > kBT (6)

where EC,i = q2

Ctot,i
is the charging energy for adding the ith

electron/hole in the QD with i > 1. �Ei is the energy spacing
between adjacent QD energy levels which must be overcome
to add the odd ith electron/hole to the QD. �Ei = 0 for even
numbered electrons/holes to account for a spin degeneracy
of two for each energy level in the QD.
To further simplify the model, we assume that the current

through the QD depends only on the two most likely (i,i−
1) numbers of electrons/holes in the QD to participate in
the tunnelling event and neglect the effect of co-tunnelling.
Under these assumptions, the tunnelling current for the ith

peak in the transfer characteristics (IDS−VGS) can be derived
analytically using the steady-state master equations [23] and
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is expressed as

It,i = qc
T+
S (i− 1)T−

D (i)− T−
S (i)T

+
D (i− 1)

T+
S (i− 1)+ T−

S (i)+ T−
D (i)+ T+

D (i− 1)
(7)

where qc = ±q for holes and electrons, respectively, and
T±
D (i) represents the electron/hole tunnelling rate between

the drain and the QD when the number of electrons/holes in
the QD changes from i to i± 1. Similarly, T±

S (i) describes
the corresponding tunnel rate between the source and the
QD. As already discussed, in nanoscale CMOS, the effec-
tive dimensions of the QD are typically in the sub-70 nm
range leading to large spacing between the QD energy lev-
els. At sufficiently low temperatures (�Ei > kBT), the total
tunnelling rate to the QD can be expressed as [24], [25]

T±
S/D(i) = �±

S/D(i)

1 + e
−�FS/D(i)

kBT

(8)

�S/D is the tunnel rate coefficient that depends on the
tunnel matrix element and the density of states in the
source/drain for the indicated charge transfer event. �FS/D
represents the change in energy of the system during the
corresponding tunnelling event. Historically, the value of
�FS/D has been calculated using the constant interaction
model [22], which describes the interaction between the QD
and the device terminals using constant capacitance parame-
ters. However, the assumption of constant capacitances does
not hold for devices with thin gate oxides and spacer-defined
energy barriers where the capacitances change with bias and
number of electrons/holes in the QD [26]. In this work we
propose the following piecewise description of �F(i), with
lumped parameters CG,i, CD,i, CS,i and CBG,i representing
the intrinsic capacitances between the QD and the gate, drain,
source and back-gate terminals of the MOSFET, respectively,
for the ith tunnelling peak:

�F−
S (i) = −�F+

S (i− 1)

= qc
Ctot,i

[
CD,iVDS + CG,i

(
VGS − Vpk,i−1

)+ Q(i)
]

+ |�Ei−1| (9)

�F−
D (i) = −�F+

D (i− 1)

= qc
Ctot,i

[−(Ctot,i − CD,i
)
VDS + CG,i

(
VGS − Vpk,i−1

)
+ Q(i)

]+ |�Ei−1| (10)

where

Q(i) =
{

0 i = 1
qc i > 1

}
, (11)

Vpk,i = Vth −
i∑

j=2

[
qc
CG,j

+ Ctot,j
CG,j

(
�Ej−1

qc

)]
(12)

and

Ctot,i = CG,i + CD,i + CS,i + CBG,i. (13)

Vpk,i is defined as the VGS value of the ith tunnelling
current peak when biased at |VDS| ≈ 0 V. The first peak

voltage, Vpk,1, can be considered the threshold voltage, Vth,
of the SET/SHT. It is the gate voltage at which the first elec-
tron/hole enters and occupies the lowest energy level in the
QD, creating charge inversion in the channel. While main-
taining a simple linear form, (9) and (10) also account for
the variation in capacitances and work reasonably well for
approximating the measured tunnelling current characteris-
tics. The magnitude of the tunnelling current is captured
by the �S/D terms, which depend on the shape of the
energy barrier in the source and drain tunnel junctions. The
impact of the barrier height variation on IDS is captured
phenomenologically by making the following substitution:

Ii = q
�D(i)�S(i− 1)

�D(i)+ �S(i− 1)
= 2Ipk,ie

βi(VGS−Vpk,i) (14)

where Ipk,i and βi are parameters extracted from measure-
ments detailed in the next sub-section. Ipk,i is the peak
tunnelling current at the ith current peak. β captures the
tunnelling current dependence around the ith peak on VGS,
which controls the height and shape of the potential barrier
under the spacer. Using (7) - (14) and summing over all
n-tunnelling events (i.e., all n electrons/holes which can be
stored in the QD) while satisfying (6), the total tunnelling
current in the device becomes

It =
n∑
i=1

Ii

[
1 − e

qCVDS
kBTeff

]

1 + e
�F−

S (i)
kBTeff + e

−�F−
D (i)

kBTeff + e
qCVDS
kBTeff

. (15)

Here Teff is the effective temperature, defined as

Teff =
{
T T > Tsat
Tsat T ≤ Tsat

(16)

Tsat is the temperature below which the half-width of
the tunnelling current peak stops shrinking. The half-width
saturation below 10 K can be clearly seen for both devices
in Fig. 7. It is likely due to the finite width of the resonant
tunnelling transmission window [27].

B. MODEL PARAMETER EXTRACTION
Extracting the complete set of model parameters (i.e., Vth,
Ctot,i, CG,i, CD,i, Ipk,i, βi and Tsat) requires measuring the
transfer characteristics at multiple VDS values. The value of
�Ei is calculated using the analytical expression described
in Section II. Fig. 8 shows the idealized and measured tun-
nelling current characteristics for a p-MOSFET along with
the definition and extraction methodology for the model
parameters. Ideally, two transfer characteristics measured
at |VDS| ≈ 0V (|VDS| = 1 mV is used in this work)
and |VDS| ≥ 6kBT

q are sufficient to extract all parameters.
However, it is recommended to use a larger number of bias
points to minimize measurement uncertainty and extraction
error.
At |VDS| ≈ 0V , peak tunnelling current, characterized by

�F−
S = �F−

D = 0, depends only on CG/Ctot as evident
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FIGURE 7. Measured transfer characteristics at the first tunnelling current peak as a function of temperature for the (a) p-MOSFET on die 2 (Fig. 11(b))
and (b) n-MOSFET on die 3 (Fig. 11(c)), each with 18 nm channel length and 70 nm channel width at |VDS| = 5 mV. These figures illustrate the saturation
of the half width of the tunnelling current peaks below a certain temperature, Tsat . The saturation temperature is 10 K and 6 K for the n-MOSFET and the
p-MOSFET, respectively.

FIGURE 8. (a) Sample stability diagram (i.e., IDS(VDS, VGS)) of a p-MOSFET operating as a single hole transistor. Blue shaded diamond areas represent
valley regions in the drain current. Extraction of s1, s2 and Vpk is illustrated graphically along with Vth defined as the VGS value associated with the first
current peak at VDS ≈ 0 (b) Measured stability diagram of a 18nmx70nm p-MOSFET showing extraction of s1,1/2, s2,1/2 and Vpk,1/2 at 6 K. (c) Sample

Transfer characteristics with ln(ISD) shown on y-axis vs VGS biased at |VDS| ≥ 6kBT
q . Extraction of Ipk and β is illustrated graphically on the figure (d)

Measured transfer characteristics of the same 18nmx70nm p-MOSFET at VDS = −20/ − 30 mV showing Ipk,1/2 and β1/2 extraction.

from (9) and (10). In this limit, we can express CG,i as

CG,i =
∣∣∣∣∣∣

qc(
Vpk,i − Vpk,(i−1)

)− (s2,i−s1,i)
s1,is2,i

�Ei−1
qc

∣∣∣∣∣∣ (17)

where s1,i and s2,i are the slopes of the boundary that demar-
cates the blockade region, as illustrated in Figs. 8(a) and 8(b).
These values can be extracted from transfer characteristics at
a minimum of two different VDS values. The expression for
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FIGURE 9. Measured (symbols) and simulated (lines) transfer
characteristics at VDS = 1 mV at T = 2 K and 300 K for the 18nmx70nm
p-MOSFET on die 2. Its model parameters are shown in column 2 of
Table 1.

s1,i and s2,i can be derived by taking the derivatives of (9)
and (10) with respect to VDS and equating both to zero:

CD,i =
∣∣∣∣CG,is2,i

∣∣∣∣ (18)

Ctot,i = CG,i

∣∣∣∣ s2,i − s1,i
s1,is2,i

∣∣∣∣. (19)

All the capacitance parameters are obtained by solv-
ing (17)-(19) while Ipk,i are extracted from the measured
transfer characteristics in the triode region at relatively
large |VDS|(≥ 6kBT/q), as shown in Figs. 8(c) and 8(d).
Parameters βi are estimated from the slope of the ith peak of
the transfer characteristic at |VDS| > (6kBT)/q when plotted
on a logarithmic scale, as shown in Fig. 8c.
Equation (17) cannot be used to find CG,1 since Vpk,0

is undefined. Thus, to extract CG,1, the approximation
CG,1 ≈ CG,2 is applied. Similarly, the classical MOSFET
diffusion current masks either one of the slopes s1 or s2 at
the n-th (last) peak. Therefore, to extract the capacitances,
it is assumed that s1/2,n ≈ s1/2,n−1. Tsat can be extracted
by measuring the transfer characteristics of the device at
progressively lower temperatures until the half width of the
first IDS current peak ceases to change as the temperature is
reduced, as shown in Figs. 7(a) and 7(b).

IV. MODEL VERIFICATION AND DISCUSSION
A. MODEL VERIFICATION
All measurements were conducted on-die with a Lake
Shore Cryotronics CPX-VF-LT probe station in the 2 to
300 K range, using Keithley 4200A-SCS and Keysight
B1500A semiconductor parameter analyzers. Silver paste
with matched thermal expansion coefficient and high ther-
mal/electrical conductivity was used to mount the dies on
the sample holder. The power consumption of all devices in
the bias range of interest for the applicability of the model
is below 5 nW (IDS < 1μA, VDS < 5 mV) resulting in
negligible self-heating. SHT and SET test structures were

FIGURE 10. Measured (left) and simulated (right) stability diagram of
18nmx70nm p-MOSFET on die 1 at 6 K [13]. Its model parameters are
shown in column 1 of Table 1.

manufactured in three fabrication runs, across three differ-
ent years, in GlobalFoundries’ commercial 22FDX CMOS
process [28]. Of these devices, seven single gate finger p-
MOSFETs and two n-MOSFETs, each with a drawn gate
length of 18 nm and drawn gate widths of 50 nm and
70 nm and with different numbers of dummy gates were
measured for model extraction and to investigate the impact
of the number of dummy gates on SET/SHT performance
and model parameters. The I − V characteristics of these
devices were measured in the QD bias regime (subthresh-
old triode region) at cryogenic temperatures (<10 K) and
model parameters were extracted using the methodology
mentioned in the previous section. The QD model, coded
in Verilog-A, was appended in a subcircuit to the standard
foundry design kit MOSFET model, as illustrated in Fig. 5.
Fig. 9 demonstrates the capability of the model to accurately
capture the measured transfer characteristics at both 2 K
and 300 K.
The extracted model parameters are summarized in Table 1

for one n-MOSFET and two p-MOSFETs with different
number of dummy gate fingers. The latter is an attempt
to investigate the impact of strain and to demonstrate the
versatility of the model and parameter extraction methodol-
ogy in monitoring strain and layout geometry variation and
its impact on model parameters. Fig. 10 compares the mea-
sured and simulated stability diagram for the p-MOSFET on
die 1, showing good accuracy across VGS and VDS values
relevant for operation as a single-hole transistor (SHT) [13].
The measured and simulated transfer characteristics for the
second p-MOSFET (die 2) and for the n-MOSFET are com-
piled in Fig. 11(b) and in Fig. 11(c), respectively, again
showing good match in the subthreshold region where the
devices operate as SHTs and SETs, respectively.
Figs. 12(a) and Fig. 12(b) demonstrate the accuracy of

the model across temperature for a p-MOSFET and a n-
MOSFET, respectively. It works reasonably well for all
measured temperature values, even at elevated temperatures
when �E < kBT and where only weak SET/SHT behavior
is observed.
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FIGURE 11. Measured (solid lines) and simulated (dashed lines) transfer characteristics at |VDS| = 1/5 mV for (a) 18nmx70nm p-MOSFET on die 1 (2
dummy gates) at 6 K (b) 18nmx70nm p-MOSFET on die 2 (6 dummy gates) at 6 K (c) 18nmx70nm n-MOSFET on die 3 (6 dummy gates) at 10 K.

FIGURE 12. Measured (symbols) vs. simulated (lines) transfer characteristics across temperature for (a) 18nmx70nm p-MOSFET on die 1 biased at
VDS = −10 mV [13] and (b) 18nmx70nm n-MOSFET on die 2 biased at VDS = 5 mV.

B. APPLICATION TO CHARGE READOUT CIRCUIT DESIGN
A promising, minimal-layout-footprint readout circuit for a
linear qubit array consists of a parallel linear array of SETs
or SHTs, each capacitively coupled to an individual qubit
in the qubit array [28]–[30], followed by low-noise tran-
simpedance amplification [12], [13], [31]. To that end, test
structures consisting of two capacitively coupled SETs, as
in Fig. 13, sharing the same floating back gate and placed
at minimum distance (< 100 nm) from each other, were
designed, fabricated and tested at 2 K. The structures mimic
the capacitive coupling through the back-gate and through
the STI region between one SET/SHT acting as the semicon-
ductor qubit and the second SET/SHT acting as the charge
readout SET/SHT. The measurements in Fig. 14 illustrate
how the drain current of one SET changes when the number
of electrons in the coupled SET changes from N to N+1. In
this work, VGS,A was set to 470 mV and 510 mV to change
the occupancy of SET A from N to N+1, respectively, at the
first and second detected current peaks. Similar capacitively-
coupled SET structures have been used for charge detection

FIGURE 13. Schematic diagram of a test structure with two
capacitively-coupled SETs, separated by 100 nm of STI, for charge readout
measurements.

recently in [32]. As can be seen in Fig. 14, the sensitivity
of the readout SET is a strong function of the bias point
chosen for the readout SET. The highest sensitivity ≈4 nA is
obtained when the readout SET is biased at the third tunnel-
ing current peak, when three electrons occupy its QD. This
sets the design specification for the readout circuit scheme
in Figs. 15 and 16. Fig. 17 shows the simulated transfer
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TABLE 1. Extracted model parameters.

FIGURE 14. Measured transfer characteristics of one of the SETs (SET B) in
Fig. 13 when the number of electrons in the second SET (SET A) changes
from N (solid red) to N + 1 (dashed blue) at T = 2 K. The difference
between these currents is shown (solid black). Both SETs are biased at
VDS = 5 mV and the back-gate is floating.

characteristics of the SET amplified by the TIA demonstrat-
ing how the proposed model can be applied in the design
of a semiconductor spin qubit monolithic quantum processor
with integrated readout and control electronics.

C. DISCUSSION
As shown in Fig. 3, for devices with identical layouts
fabricated on the same die, the variation of the intrinsic
gate capacitance CG is less than 13% and the Vth varia-
tion between SLVTP SHTs is about 12 mV, comparable
to the threshold voltage variation observed in minimum size
MOSFETs at room temperature. This variation in the Vth can
be corrected by changing the back-gate voltage as shown in
Fig. 4. More importantly, measurements of the SLVTP and
SLVTP_TL devices in Fig. 3 prove that the intrinsic gate

FIGURE 15. Simulation testbench of a system with capacitively coupled
SETs and TIA.

FIGURE 16. Transistor level schematic of the readout TIA [31].

FIGURE 17. Simulated transfer characteristics of a readout SET (SET B in
Fig. 14) at 2 K when biased at VDS = 5 mV amplified by a cryogenic TIA [31]
monolithically integrated with the SET.

capacitance does not depend on the metal parasitics con-
nected to the gate. However, variation in the value of the
tunnel current peaks can be observed between devices with
different number of dummy gates and, as mentioned, for a
given device as the back-gate voltage is changed (Fig. 4).
This is also reflected in variations observed in the extracted
values of CD in Table 1. It can be seen that the effective
width of the potential barriers is different in all devices and
it changes with bias, especially back-gate voltage. However,
the peak voltage (Vpk,i) values remain unchanged for a fixed
back-gate voltage. These effects are not yet fully understood
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given the good Vt control exhibited by these devices even
at 2 K. Work is underway using Ab initio simulations [33]
to understand this observation and will be the subject of a
later publication.
Variability in the I-V characteristics of individual

SET/SHT devices can be accounted for in the circuit design
process by allowing the model parameters to vary randomly
within a specified range. Furthermore, based on the authors’
limited number of experiments, this inevitable variability [32]
can be reduced by forming SET/SHT devices as part of a
larger active area array with tens of gate fingers. The latter
arrangement is representative of the most likely application
scenario where a large array of SETs/SHTs, all sharing the
same active region, is placed parallel at 50-100 nm distance
from a large array of hole-spin or electron-spin qubits, as
recently demonstrated in [32].
The current model relies on parameters extracted

directly from measurements. Systematic experimental- and
simulation-based studies are needed to link the model param-
eters to the structural and material properties of the device.
In particular, the parameters Ipk, β and CD are linked to
the height and width of the potential barriers formed below
the gate oxide spacers. They change as a function of bias
and spacer width. Similarly, CG should be expressed as a
function of the top gate oxide area, thickness, and quan-
tum capacitance which changes with the effective mass of
the electron/hole. Furthermore, additional work is required
to capture the effect of VBG on the transfer characteristics.
VBG modifies the threshold voltage and the potential barri-
ers, leading to a change in capacitance parameters and peak
tunnelling current.

V. CONCLUSION
A compact model was developed which adds a tunnelling
component to the classical I − V characteristics of the
foundry MOSFET model. The proposed model and the
associated model parameter extraction methodology were
validated using detailed cryogenic measurements of p-
MOSFETs and n-MOSFETs fabricated in a production 22nm
FDSOI foundry process. The model reproduced the DC I−V
characteristics across bias and temperature for n- and p-type
devices with different number of dummy gates and chan-
nel strain with reasonable accuracy. The quantum effects
captured by the proposed model are expected to manifest
at progressively higher temperatures as the device dimen-
sions are scaled-down and, hence, will become increasingly
important for more aggressively scaled technology nodes.
Furthermore, the work also marks a first step towards the
development of a complete simulation environment for the
design and optimization of monolithic quantum processors.

ACKNOWLEDGMENT
The authors wish to thank GlobalFoundries for providing
silicon fabrication through the 22FDX university program
and Dr. Nigel Cave for discussions on technology features
and options. They would also like to acknowledge CMC for
CAD tools and Jaro Pristupa for CAD support.

REFERENCES
[1] G. Ghibaudo and F. Balestra, “Low temperature characterization

of silicon CMOS devices,” Microelectron. Rel., vol. 37, no. 9,
pp. 1353–1366, 1997.

[2] A. Coskun and J. Bardin, “Cryogenic small-signal and noise
performance of 32nm SOI CMOS,” in Proc. IEEE MTT-S Int. Microw.
Symp. (IMS), 2014, pp. 1–4.

[3] P. Galy, J. C. Lemyre, P. Lemieux, F. Arnaud, D. Drouin, and
M. Pioro-Ladriere, “Cryogenic temperature characterization of a 28-
nm FD-SOI dedicated structure for advanced CMOS and quantum
technologies co-integration,” IEEE J. Electron Devices Soc., vol. 6,
pp. 594–600, 2018.

[4] S. Pauka et al., “Characterizing quantum devices at scale with custom
cryo-CMOS,” Phys. Rev. Appl., vol. 13, no. 5, 2020, Art. no. 054072.

[5] E. Charbon et al., “Cryo-CMOS for quantum computing,” in Proc.
IEEE Int. Electron Devices Meeting (IEDM), 2016, pp. 13–15.

[6] A. Beckers, F. Jazaeri, and C. Enz, “Theoretical limit of low tem-
perature subthreshold swing in field-effect transistors,” IEEE Electron
Device Lett., vol. 41, no. 2, pp. 276–279, Feb. 2019.

[7] J. C. Bardin et al., “Design and characterization of a 28-nm bulk-
CMOS cryogenic quantum controller dissipating less than 2 mW at
3 K,” IEEE J. Solid-State Circuits, vol. 54, no. 11, pp. 3043–3060,
Nov. 2019.

[8] S. Pauka et al., “A cryogenic CMOS chip for generating control signals
for multiple qubits,” Nat. Electron., vol. 4, no. 1, pp. 64–70, 2021.

[9] J. P. G. Van Dijk et al., “A scalable cryo-CMOS controller for the
wideband frequency-multiplexed control of spin qubits and trans-
mons,” IEEE J. Solid-State Circuits, vol. 55, no. 11, pp. 2930–2946,
Nov. 2020.

[10] H.-C. Han, F. Jazaeri, A. D’Amico, A. Baschirotto, E. Charbon, and
C. Enz, “Cryogenic characterization of 16 nm FinFET technology for
quantum computing,” in Proc. IEEE 51st Eur. Solid-State Device Res.
Conf. (ESSDERC), 2021, pp. 71–74.

[11] S. P. Tripathi, “Cryogenic characterization and modelling of com-
mercial FinFET technology,” M.S. thesis, Elect. Comput. Eng., Univ.
Toronto, Toronto, ON, Canada, 2022.

[12] S. Bonen et al., “Cryogenic characterization of 22-nm FDSOI CMOS
technology for quantum computing ICs,” IEEE Electron Device Lett.,
vol. 40, no. 1, pp. 127–130, Jan. 2019.

[13] S. P. Tripathi et al., “Compact modelling of 22nm FDSOI CMOS semi-
conductor quantum dot cryogenic I–V characteristics,” in Proc. IEEE
47th Eur. Solid-State Circuits Conf. (ESSCIRC), 2021, pp. 43–46.

[14] L. Hutin et al., “Si MOS technology for spin-based quantum com-
puting,” in Proc. 48th Eur. Solid-State Device Res. Conf. (ESSDERC),
2018, pp. 12–17.

[15] L. Le Guevel et al., “19.2 A 110mK 295μW 28nm FDSOI CMOS
quantum integrated circuit with a 2.8 GHz excitation and nA current
sensing of an on-chip double quantum dot,” in Proc. IEEE Int. Solid-
State Circuits Conf. (ISSCC), 2020, pp. 306–308.

[16] T.-Y. Yang, A. Ruffino, J. Michniewicz, Y. Peng, E. Charbon, and
M. F. Gonzalez-Zalba, “Quantum transport in 40-nm MOSFETs at
deep-cryogenic temperatures,” IEEE Electron Device Lett., vol. 41,
no. 7, pp. 981–984, Jul. 2020.

[17] I. Bashir et al., “A mixed-signal control core for a fully integrated
semiconductor quantum computer system-on-chip,” in Proc. IEEE
45th Eur. Solid-State Circuits Conf. (ESSCIRC), 2019, pp. 125–128.

[18] K. Cheng et al., “High performance extremely thin SOI (ETSOI)
hybrid CMOS with Si channel NFET and strained SiGe chan-
nel PFET,” in Proc. Int. Electron Devices Meeting, 2012,
pp. 18.1.1–18.1.4.

[19] D. A. B. Miller, Quantum Mechanics for Scientists and Engineers.
Cambridge, U.K.: Cambridge Univ. Press, 2008.

[20] M. V. Fischetti and S. E. Laux, “Band structure, deformation poten-
tials, and carrier mobility in strained Si, Ge, and SiGe alloys,” J.
Appl. Phys., vol. 80, no. 4, pp. 2234–2252, 1996. [Online]. Available:
https://doi.org/10.1063/1.363052

[21] M. Lodari et al., “Light effective hole mass in undoped ge/SiGe
quantum wells,” Phys. Rev. B, Condens. Matter, vol. 100, no. 4, 2019,
Art. no. 041304.

[22] D. K. Ferry, S. M. Goodnick, and J. Bird, Transport in Nanostructures,
2nd ed. Cambridge, U.K.: Cambridge Univ. Press, 2009.

[23] H. Inokawa and Y. Takahashi, “A compact analytical model for asym-
metric single-electron tunneling transistors,” IEEE Trans. Electron
Devices, vol. 50, no. 2, pp. 455–461, Feb. 2003.

VOLUME 10, 2022 609



PATI TRIPATHI et al.: CHARACTERIZATION AND MODELING OF QD BEHAVIOR IN FDSOI DEVICES

[24] D. V. Averin and A. N. Korotkov, “correlated single-electron tunneling
via mesoscopic metal particles: Effects of the energy quantization,”
J. Low Temp. Phys., vol. 80, nos. 3–4, pp. 173–185, Aug. 1990.

[25] K. K. Likharev, “Single-electron devices and their applications,” Proc.
IEEE, vol. 87, no. 4, pp. 606–632, Apr. 1999.

[26] M. Macucci, K. Hess, and G. J. Iafrate, “Electronic energy spec-
trum and the concept of capacitance in quantum dots,” Phys. Rev.
B, Condens. Matter, vol. 48, pp. 17354–17363, Dec. 1993. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevB.48.17354

[27] C. W. J. Beenakker, “Theory of coulomb-blockade oscillations
in the conductance of a quantum dot,” Phys. Rev. B, Condens.
Matter, vol. 44, pp. 1646–1656, Jul. 1991. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevB.44.1646

[28] R. Pillarisetty et al., “High volume electrical Characterization of
semiconductor Qubits,” in Proc. IEEE Int. Electron Devices Meeting
(IEDM), 2019, pp. 31.5.1–31.5.4.

[29] M. Gonzalez-Zalba, S. de Franceschi, E. Charbon, T. Meunier,
M. Vinet, and A. Dzurak, “Scaling silicon-based quan-
tum computing using CMOS technology,” Nat. Electron.,
to be published.

[30] R. Li et al., “A flexible 300 mm integrated Si MOS platform for
electron-and hole-spin qubits exploration,” in Proc. IEEE Int. Electron
Devices Meeting (IEDM), 2020, pp. 3–38.

[31] M. J. Gong et al., “Design considerations for spin readout ampli-
fiers in Monolithically integrated semiconductor quantum processors,”
in Proc. IEEE Radio Freq. Integr. Circuits Symp. (RFIC), 2019,
pp. 111–114.

[32] A. Zwerver et al., “Qubits made by advanced semiconductor manu-
facturing,” Nat. Electron., vol. 5, no. 3, pp. 184–190, 2022.

[33] A. Bharadwaj, “Ab initio DFT approaches to CMOS quantum dot
simulation,” M.S. thesis, Elect. Comput. Eng., Univ. Toronto, Toronto,
ON, Canada, 2022.

610 VOLUME 10, 2022



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


