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ABSTRACT This article presents a physical model of the threshold voltage in MOSFETSs valid down to
4.2 K. Interface traps close to the band edge modify the saturating temperature behavior of the thresh-
old voltage observed in cryogenic measurements. Dopant freezeout, bandgap widening, and uniformly
distributed traps in the bandgap do not change the qualitative behavior of the threshold voltage over
temperature. Care should be taken because dopant freezeout results in a different physical definition of
the threshold voltage. Using different definitions changes significantly the threshold current level. The
proposed model is experimentally validated with measurements in large-area nMOS and pMOS devices
of a commercial 28-nm bulk CMOS process down to 4.2 K. Our modeling results suggest that a pMOS-
specific phenomenon in the gate stack is responsible for the non-saturating temperature behavior of the
threshold voltage in pMOS devices.

INDEX TERMS 28-nm bulk CMOS, cryogenic, cryo-CMOS, freezeout, incomplete ionization, interface

traps, MOSFET, threshold voltage.

I. INTRODUCTION

Threshold voltage (V1) in MOSFETS increases when reduc-
ing the temperature [1], [2]. This qualitative trend of Vt
is first linear with temperature and then saturates in the
cryogenic regime around 50 K. Many works have stated
the importance of the temperature dependent Fermi level
in the bulk to explain this trend [3]-[6]. Much attention
has been paid in the literature to the impact of dopant
freezeout on the operation of MOS devices at cryogenic
temperatures [7]-[12]. However, the relative impact of the
dopant freezeout and the temperature dependence of the bulk
Fermi level on Vr remains unclear. It is usually thought
that dopant freezeout must be important in predicting Vr
because the frozen-out dopants in the channel would need
more ‘ionizing’ voltage to form the depletion region and
turn on the MOSFET [13]-[15]. However, dopant freezeout
is of minor importance to predict the qualitative behavior
of VT over temperature in enhancement-mode devices [4].

Furthermore, the expected saturation of V1 (T) from the bulk
Fermi level behavior is not always measured at cryogenic
temperatures. Rather, an almost linear increase is measured
in the pMOS devices, showing an additional kink-like fea-
ture [13, Fig.3], [9, Fig.4]. This was previously attributed
to the field-assisted ionization of frozen-out dopants in
the channel [13]. However, this ionization process should
already be completed before threshold is reached as evi-
denced by low-temperature C-V plots [16]-[20]. Instead,
interface traps close to the band edge are known to be
important at cryogenic temperature [21], [22]. Recently, a
Gaussian distribution of traps close to the band edge has been
introduced to model the inflection of transfer characteristics
at cryogenic temperatures [23], [24]. The impact of these
traps on the low-temperature VT has not yet been investi-
gated. Furthermore, care should be taken when choosing an
extraction method for the trend of V1 over temperature. The
temperature dependence of V1 obtained from the widely-used

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

780

VOLUME 8, 2020


https://orcid.org/0000-0003-3663-0824
https://orcid.org/0000-0001-9649-3572
https://orcid.org/0000-0003-1615-1033
https://orcid.org/0000-0003-0769-7069
https://orcid.org/0000-0002-9968-5278

BECKERS et al.: PHYSICAL MODEL OF LOW-TEMPERATURE TO CRYOGENIC THRESHOLD VOLTAGE IN MOSFETs

ELECTRON DEVICES SOCIETY

10" 4 195 + = 4K
_ 2K
—_— 50K
10° 4 100 ¢ — 751
— 100K
= an=1] 63: 754+ — 125K
j::; 10 = — 150K 58
= g — 15K ~
10—’2 J = 50 — 200 K /
- 225 K 7
254 20K 7
1073 4 215K /) (b)
01 300 K Z
02 04 06 08 10 02 04 06 08 10
Ves (V) Ves (V)
150 1 7()0-.....
°
i (c) e, (d)
.
1% L 600 17X 2
= *
£ 100 * — My
= o™ Z 500 x
S 75 = X
Fl T = X
E 50 400 xS
- X Vi
3001 ® Vigm
0 T T T - - -
0 100 200 300 0 100 200 300
T (K) T (K)

FIGURE 1. nMOS measurements (W/L = 10 um/1 um). a) Transfer
characteristics (Vpg = 10mV, Vgg = 0V), b) Transconductance (gm) c)
Maximum transconductance versus temperature, d) Extracted threshold
voltage with constant current (cc) and max(gm) methods.

extraction methods is different [25], i.e., (i) the constant cur-
rent (cc) method, (which defines Vr as the gate voltage at a
constant current level), and (ii) the maximum transconduc-
tance method, (which finds Vr from a linear extrapolation
from the maximum transconductance point on the current in
the linear regime) [26], [27]. Furthermore, the physics defini-
tion of Vr as used in textbooks, which normally corresponds
to the gate voltage at two times the bulk Fermi potential at
room temperature, will have to be revised at cryogenic tem-
peratures due to dopant freezeout in the substrate [28], [29].
Finally, the presented results on the temperature behavior of
Vr are important for the modeling, reliability studies, and
optimization of commercial CMOS processes for cryogenic
operation, which is timely for the development of quantum
computation systems [30]-[37].

Il. EXPERIMENTAL RESULTS AND DISCUSSION

Cryogenic measurements were performed in large-area
(W/L = 10pm/1pum) n-type and p-type devices from a
commercial 28-nm bulk CMOS process with high-k metal
gate. The experimental set-up consisted of a Lakeshore CRX-
4K cryogenic probe station for cool-down and a dedicated
data-acquisition system designed by TU Wien [38]. Similar
measurements were performed in the same technology (but
a different flavor) in [28], [39], [40]. Figures 1 and 2 show
the measurements for the nMOS and pMOS devices, respec-
tively. The temperature was swept from 4.2K up to 300K
with intermediate steps at multiples of 25K. The transfer
characteristics and transconductance (g;,) of the nMOS and
pMOS devices in the linear regime (|Vps| = 10mV and
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FIGURE 2. pMOS measurements (W/L = 10 .m/1 um). a) Transfer
characteristics (|Vpg| = 10mV, |Vgg| = 0V), b) Transconductance (gm), c)
Maximum transconductance versus temperature, d) Extracted threshold
voltage with constant current (cc) and max(gm) methods.

|Vsp| = 0V) are shown on the top row of Figs. 1 and 2. The
gm curves were smoothed because of measurement noise.
The peak of g, increases at lower temperatures (due to
mobility increase because of reduced phonon scattering) and
the overall shape of g, steepens at lower temperatures (due
to exponential scaling of the Fermi-Dirac distribution). The
extraction of the maximum of g, and the threshold voltage
is shown in the bottom rows of Figs. 1 and 2. Both max(gm)
and threshold voltage consistently increase, but also show
signs of saturation for the lowest temperatures. The threshold
voltage was extracted using both the max(g,) method [26]
and the constant current (cc) method [extraction currents for
nMOS and pMOS were both 1nA]. The max(gy) method
allows to remove the temperature variation of the series resis-
tance and the subthreshold swing [26]. The two extraction
methods do not give the same temperature dependence of
V1. The absolute increase obtained using the cc method is
about 0.3 to 0.4 V, while it is about 0.2 V using the max(gm)
method. Furthermore, the qualitative behavior of V1 over
temperature differs between the two methods. It is interesting
to note that the saturation of Vr(T) in the cryogenic regime
(expected at about 5S0K-100K from the behavior of the
bulk Fermi potential over temperature, is only observed
for the nMOS. The pMOS shows a rather linear increase
in Vr in the cryogenic regime. The measurements from
Dao et al. also show that the V1 of nMOS saturates more than
pMOS [13, Figs. 2 and 3]. Furthermore, a kink-like feature
is observed in Vr(T) in pMOS [13, Fig. 3]. Therefore,
effects other than the bulk Fermi potential are at play that
have an impact on the temperature dependence of Vr.
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FIGURE 3. MOS band diagrams, a) Flatband at room temperature, b) Flatband at 4.2 K, and c) Band bending y5 = 2@¢ (n = N at the interface). An
additional band bending of gA & is required to increase the inverted carrier density from n = N5 to n = N,.

IIl. ANALYSIS OF DIFFERENT CONTRIBUTIONS TO
TEMPERATURE DEPENDENCE OF V¢

In this section, we analyze the different temperature depen-
dencies in the expression of Vr. For this analysis, we assume
an n-type, large-area MOSFET without loss of generality
for the complementary case of p-type. The goal is to find
out which temperature dependencies can be neglected in
the overall trend of Vr(T) and which need to be kept in
the model. The physics definition of V1 is used, which
is based on the inversion condition of the carriers in the
channel. To start, a qualitative description of the tempera-
ture behavior of Vr is given based on the MOSFET band
diagrams in Fig. 3 (interface traps not included). As the
temperature is reduced, the energy bands in the substrate of
a bulk-silicon FET will shift such that the Fermi level (EF)
takes an energy that satisfies charge neutrality. Because of
the Fermi-Dirac distribution scaling, this position of Ef is
closer to the valence band edge at lower temperatures [see
Figs. 3(a) and 3(b)]. Therefore, at lower temperatures, more
band bending is required to generate a sufficient carrier den-
sity in the conduction band at the surface, and Vr increases
(and saturates as well). However, the imposed charge neu-
trality condition usually assumes complete ionization of the
dopants in the bulk, which is too constraining at cryogenic
temperatures. Due to incomplete dopant ionization (freeze-
out), charge neutrality will already be satisfied when the
Fermi level lies closer to the conduction band. Incomplete
ionization thus results in a different position of the bulk
Fermi level (E7,) that is slightly closer to E, for a given tem-
perature and doping concentration (Ny4), as shown in Fig. 3b
at 4.2 K. Therefore, less band bending [Fig. 3(c)] is required
to reach a given inverted charge density in the channel when
incomplete dopant ionization is included, and V is there-
fore slightly lower at all temperatures. However, the overall
temperature behavior of Vr (increase and saturation) will not
change because of dopant freezeout. As shown in Fig. 3, the
Fermi potential assuming complete ionization is defined as
op 2 (E? — EF)/q. With dopant incomplete ionization, the
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Fermi potential is defined as ®} £ (E? —E})/q, where E? or
E; is the intrinsic energy in the bulk. The widening of the
bandgap (typically from 1.12eV at 300K to 1.16eV at 4.2K
(Varshni model [41]) will increase Vr, because more band
bending is required to reach inversion. Bandgap widening
and dopant freezeout are thus two competing mechanisms.

Vr is normally defined as the gate-to-source voltage (Vis)
at the inversion threshold ¥, when p = N4 — n = N4 in
the channel while assuming that the mobile charge density is
still negligible compared to the depletion charge density [42].
Furthermore, the channel is assumed long and in equilibrium
(small Vpg). Therefore, the equilibrium threshold voltage
(V1p) is given by:

Quepi(V5)  Qir(Vr)
COX COX
where the index O indicates that the channel is in equilibrium.
®,,s is the metal-semiconductor work function difference,
Quepi the depletion charge density, Q; the interface-trap
charge density, and C,, the gate-oxide capacitance. The sur-
face potential drop is defined as ¥ £ (ElQ —E;)/q [Fig. 3(c)].
Co,x can be assumed to be temperature independent in first
order. This leaves four contributions in (1) to investigate:
(1) Yo () Ps, (3) Quept (W), and (4) Qi (), discussed in
Sections III.A-III.D. The first step is to find out the correct
temperature dependence of the inversion threshold ;. This
is important because v, appears in three of the four terms

in (1).

Vo £ Ves(¥)) = vy + Pms —

6]

A. INVERSION THRESHOLD

The channel of an n-type MOSFET is inverted when the hole
density in the channel p = Ny is replaced by the same density
of electrons as there were of holes before: n = N4. However,
this has to be re-examined at cryogenic temperatures because
the MOSFET channel starts out at p = N, due to dopant
freezeout, where N, is the fraction of ionized dopants. The
dopants are initially (in flatband) frozen out in the channel
and for bulk silicon FETs remain frozen out deep in the
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FIGURE 4. Including incomplete ionization of the dopants, the channel in
the p-type body of an n-type FET has to be switched from (p = N;) to
n = Ny to reach inversion threshold (y5 = 29§ + A®F).

bulk [29]. Therefore, the channel has to be switched from
the condition p = N, to n = N, to reach an inversion
of the mobile carriers in the channel. However, n = N,
is still a very low density of electrons in the channel. The
channel cannot be said to be actually inverted under this
condition. Three different cases can be distinguished, which
correspond to different amounts of band bending (or ;) to
reach inversion, as shown in Fig. 4:

o assume complete ionization (p = Ny); correct band
bending to reach n = Ny is ¥, = 2®F as usual, where
®f is the Fermi potential in the bulk (of the holes)
defined as ®r £ (E? — EF)/q.

o include incomplete ionization (p = N,) and use
n = N, as the threshold; amount of band bending is
then ¢ = 2, where ®f; is the Fermi potential calcu-
lated from the charge-neutrality condition that includes
incomplete ionization (p = N, ). An analytical expres-
sion for CD;S = & — APF exists as a function of 7 and
Ny, as shown later in this section. However, the current
density is too low when using n = N, as the threshold.

« include incomplete ionization (p = N, ) and use n = Ny
as the threshold; the amount of band bending in this
case is ¥, = 20f + ADp.

Only the third case gives the correct inversion threshold
when the MOSFET channel is initially frozen out and has
to be switched to a decent current density. Therefore, ¥| =
20 + ADp = O + Of = 2Or — ADE, and not 2dF, nor
2®f. It can already be understood that the impact of bulk
freezeout on the inversion threshold (—A®g) will lower Vr,
instead of increasing it. The amount of band bending needed
to reach inversion is A®g lower than 2®g.

A.1. FERMI POTENTIAL INCLUDING DOPANT
FREEZEOUT

The Fermi potential including dopant freezeout (Pf) can be
obtained from the charge-neutrality condition p = N, . Since
we do not know the relative distance between the Fermi
level and the valence band edge (E,) beforehand, we cannot
assess whether the condition of Boltzmann validity (Ef —
E, > 3kgT) is violated or not. Therefore, we have to assume
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FIGURE 5. Bulk Fermi potential including dopant freezeout (solid lines)
and assuming complete ionization (dashed lines). Bandgap widening is
also shown using the Varshni model [41]. @4 £ (E; — Eg)/q.

Fermi-Dirac statistics for p from the start: p = [ g,(E)[1 —
f(E)IdE, where g,(E) is the density-of-states in the valence
band and f(F) is the Fermi-Dirac distribution function. This
exercise was done previously in [34, Sec. 3]. The Fermi
level position was calculated numerically using Fermi-Dirac
statistics. It was found that in the 0-K limit Ep — E,+ (Es —
E,)/2 when dopant freezeout is included (Ey4 is the acceptor
dopant energy), while Er — E,, when dopant freezeout is
not included (p = Ny). Typically, (E4—E,)/2 ~ 22.5meV is
much larger than three times the thermal energy for instance
at 42K, 3kgT ~ 1 meV. Therefore, the Boltzmann statistics
can be assumed for p when dopant freezeout is included, in
order to derive an analytical expression for ®f fromp = N :

P Na

n; eXP<—> = *_
Ur 1+ga exp(q)FUTcDA)

2

where &4 £ (E;—E4)/q (Fig. 3), Ur £ kgT/q is the thermal
voltage, n; is the intrinsic carrier concentration, and g4 = 4
is a degeneracy factor. This gives a quadratic expression for
exp(—®;/Ur) which has the following solution:

N, 1 1 daN, i
0f = Upin "4y 1 LIV RO g,
b
——
[ ADE

where o = gaexp(—®4/Ur). ®4 and CDI’S are shown in
Fig. 5 with solid lines. ®f is shown with dotted lines. The
function A®g = O — ®f measures the difference in Fermi
levels at a given T and N4 due to dopant incomplete ioniza-
tion (freezeout). A®g(T, Ny) is shown in Fig. 6 versus T for
different N4. As shown in this figure, the maximum of A®g
is around 25 mV. It can be checked that limy_.g0 A®r = §/2
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FIGURE 7. Discrepancy in threshold current levels when using different
threshold definitions (starting from bulk freezeout p = Ny).

with § = Eq4 — E, = 0.045eV, for typical, hydrogen-like
Si:B doping and thus limy_,g ®f = ®4 + §/2 as indicated
in Fig. 5. Even though A®F is in millivolt range, the dis-
crepancy of the predicted current level at threshold can be
quite large at cryogenic temperatures, as shown in Fig. 7.

It should be emphasized that in (3), we have obtained
®f = UrIn(Ny/n;) as part of the expression of ®f. & =
Ur In(N4 /n;) would be obtained when assuming Boltzmann
statistics for p and complete ionization for N4, which we
knew was not valid because Er — E, in that case. However,
®f can be used here, because ®r is just a part of the derived
expression for @, which has nothing to do with the validity
of the Boltzmann statistics anymore.

B. METAL-SEMICONDUCTOR WORK FUNCTION
DIFFERENCE

The difference in the metal and semiconductor work func-
tions (including dopant freezeout) is given by

q)msz(bm_q)s:q)m_)(_q);_ g/(zCI) 4)

where ®,, is the metal work function, ®; the semiconductor
work function, y the electron affinity, and E, the bandgap (as
shown in Fig. 3). The increase in the width of the band gap,
Eq(T) ~ +0.04eV (Varshni model [41]), and the tempera-
ture dependence of the electron affinity () are assumed to be
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FIGURE 8. Capacitance-voltage measurements in a 1um by 1um n-type
device of a 28-nm bulk CMOS process at 298K and 4.2 K. Inset shows the
bump close to flatband at 4.2 K due to field-assisted dopant ionization.
This process is completed near inversion and can thus be neglected in the
calculation of vy.

balanced in this expression because of the lack of measure-
ment data of x (7)) at cryogenic temperatures in the literature.
Hence, the bandgap widening is assumed to be compensated
by the reduction in yx (T) [Fig. 3(b)]. Therefore, the standard
room-temperature values for silicon can be used in (4), i.e.,
E, = 1.12¢V and x = 4.05eV. The metal work function
®,, can be assumed temperature independent. Therefore, the
only temperature dependence in (4) is inside ®f as given

by (3).

C. DEPLETION CHARGES
The contribution of the depletion charges is given by

Quept (V]) = =T Cox/ ¥} Q)

where ', = \/2gNa&s;/Cox is the body factor. The silicon
permittivity &5 has no significant temperature dependence.
To derive (5), we have neglected the voltage-dependent
dopant ionization process close to flatband [34]. The validity
of this assumption is explained and experimentally validated
in the next subsection.

C.1. FIELD-ASSISTED DOPANT IONIZATION

The dopants in the deeper part of the bulk remain thermally
de-ionized (frozen-out) during operation [29]. The dopants
near the surface can gradually be ionized by increasing the
gate or drain voltage [16]. The thickness of the ionized
layer can be computed analytically, as done in earlier work
in [40, Figs. 4 and 5]. Furthermore, the ionization of the
dopants due to the applied voltage is observable in C — V
plots as a bump close to flatband [18]. In Fig. 8, this bump is
measured for the first time at 4.2 K. As shown in Fig. 8, the
bump happens near flatband, which means that the process of
ionizing the dopants is completed before inversion threshold
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(y)) is reached. In principle, the bump could be modeled
by including N, in Poisson’s equation, which includes a
dependence on the field [18]. However, this process can be
neglected in the calculation of Vr. Therefore, the anoma-
lous kink feature in V1 (T) of pMOS (non-saturation) cannot
be explained by field-assisted ionization of dopants (fitting
parameters were introduced in [13]). This feature might be
explained by interface traps, which is investigated in the next
section.

D. INTERFACE TRAPS
The charge density per unit area captured in interface states

Oy is:
+o00
QOir = —q /E _ Dy (E)f(E)dE, (6)

where Dj; is the total distribution of interface traps over
energy. Qj; can be split in two contributions: Q;; = Oy + Qo,
which have different origins. Q, is the standard uniform dis-
tribution of traps in the bandgap (due to dangling bonds) and
Qo models the exponential increase of the interface-trap den-
sity near the band edge (due to disorder, strain, defects, etc.)
which is measured in FETSs at cryogenic temperatures [21],
[22]. This exponential increase of the trap density near the
band edge was also necessary to correctly model the inflec-
tion of the transfer characteristics of MOSFETs on top of
the average degradation of the subthreshold slope due to
conduction-band or valence-band tails [23]. A Gaussian dis-
tribution of traps (which has an exponentially decaying tail
in the bandgap) was therefore introduced around the band
edge [23]. As shown in Fig. 9, D;/(E) = D, (E) + Do (E) and

No <—(E—Ec)2>
. mexp 752 .
The Gaussian has a width W, of twice the standard devi-
ation (o) and a maximum density of Ny/ (6+/27) at E,.
Furthermore, only the negatively charged acceptor traps in
the top half of the bandgap have to be considered in Q,
for n-type FET. Therefore, Q, = —gD,(; — PF) (assum-
ing a step function for f(E) of the uniform distribution
of traps). D, is typically very low in advanced processes
(~ 101%cm=2eV~! [43]) and can be assumed to be temper-
ature independent. This can be justified by the fact that the

Do(E) =

)

VOLUME 8, 2020

034 —— A®f included
S 0321 Incompl
T @, =4.1eV (Al plete
Ne F o0 Bl 2) @p(T) Ionization
0.30 Cox =22 mF/m
: % = 4.05 eV (Si)
M Ny= 10"%cm™
0.28 PR SN T S N SN TN TN N AN SN TR SN TR SN T SR S
0 50 100 150 200

Temperature, T (K)

FIGURE 10. Expression (11) without traps (Dy = Dy = 0). Bulk dopant
freezeout (A @) lowers Vg and does not change the qualitative behavior
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the temperature dependence of the Fermi level in the bulk [bulk Fermi
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density of dangling bonds at the interface will not change
significantly down to cryogenic temperatures. The apparent
temperature-dependent increase of the density of interface
traps (as observed for instance in charge-pumping mea-
surements [21], [22]) is due to the fact that at cryogenic
temperatures the Fermi-level scans a substantial portion of
the bandgap including the Gaussian tail as well; on top of
the uniform distribution of traps. Because the Gauss-Fermi
integral for Qp cannot be solved analytically [23], [44], we
assume a step function for f(E). This gives:

Er
Qo= —q fE Do(E)dE, 3

which has the following solution:

No Er — E,
= —g—|erf + 9
Qo a- |:e <( 0/2)«/—) :| ©)

IV. THRESHOLD VOLTAGE MODEL

The equation of Vtg in (1), including the depletion charges
of (5) and the two distributions of interface traps in Fig. 9,
is thus given by:

Vio £ Vas(¥]) = Wy + Ps + T/ Y]
aDu(¥i — @F) | gNo | [ a(¥i— Vi)
fl ————= 1
" Cox " 2 [er ( (Wo/2)V/2 "
traps
(10)
where ¥} £ ®F + E;/(29).

Combining (10), &,,s from (4) and the correct threshold
Vi = 20F + APg = O + Of = 2P — AP due to bulk
freezeout, gives

Vio = O + @), +T \/2<1>F

——

Sec. IVA

— Adg
———
bulk freezeout, Sec. IV.B

D, ® N, Op — E,(T)/2

qby F+q 0|: (qF s ( )/)+1] (11)
Cox  2Cox (Wo/2)v/2

——

uniform Gaussian

traps, Sec. IV.C
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FIGURE 11. Vgq plotted using (11) a) Impact of bandgap widening inside ¢ (impact of bulk freezeout A &g is also included as in Fig. 10 and no traps:
Dy = 0 and Ny = 0). Varshni model is used for Eg(T) [41]. b) Adding the impact of uniform interface traps (Dy) does not alter the qualitative behavior of
Vro over temperature. c) Adding a Gaussian distribution of additional traps close to the band edge can change the qualitative behavior of V3¢ over
temperature. The saturation of Vg is delayed to lower temperatures and the overall trend is more linear around 50 to 100 K if Ng increases. d) Impact of

the Gaussian is seen at higher temperatures if Wy increases.

In (11), ®f, APf, and E, are temperature dependent. It
is interesting to note that the impact of the bulk freezeout
(®}) inside &, and ¥, have compensated each other in
the first two terms and also in the trap terms. The only
left-over impact of the dopant freezeout on Vry is inside the
term of the depletion charges (—A ®f under the square root).
Furthermore, we had already assumed that the temperature
dependences in x and E, cancel out (see Section IILB).
Therefore, ®;, = ®,, — x — E¢/(2¢) is temperature inde-
pendent. [Note that the temperature dependence of Ey(T) is
still present in the error function and in ®f (through n;)].

In the following subsections the remaining temperature
dependences in (11) are analyzed.

A. BULK FERMI POTENTIAL

The dominant temperature dependence in Vro is the first
term of (11), ®p, which predicts a saturation of Vg at
low temperatures, as shown in Fig. 10. Even though we
included incomplete dopant ionization in our derivation, the
first term has the usual temperature dependence of the bulk
Fermi potential when assuming complete ionization, i.e.,
& = UrlIn(N4/n;), where n; is the intrinsic carrier con-
centration given by «/N:N,exp[ — E,(T)/2Ur)] (N. and
N, are the effective density-of-states in the conduction and
valence bands, respectively). Furthermore, despite ®f seems
linearly dependent on temperature (due to the Ur dependence
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in front), and therefore appears to decrease when reducing
T, the exponential temperature dependence in #n; is stronger,
which makes ®f increase and saturate at low temperatures.
n; reaches extremely low values at deep-cryogenic tem-
peratures due to its exponential drop-off when reducing the
T [34, Fig. 3]. Therefore, a variable precision arithmetic
was used to compute ®f in Fig. 10. n; cannot be calculated
below about 10 K using standard tools that use IEEE double
precision arithmetic, which is not practical. However, in the
expression of ®p, we can benefit from the logarithm and
expand @ as follows:
OF = Urin(vy) — 2L VN + 52 (12)
We can further expand N, and N, to reveal all temperature
dependencies that contribute to ®f:

2kpTmin 1**
N, = 2|:h—2“] (13)
2kpTmy 3/2
N, =2 0 (14)
where the effective masses mj and mj can be assumed
temperature independent. Therefore, N, = aU;/ > and

N, =8 U;/ 2, where o and B are temperature independent
constants. This gives:

g =Ur(A—1.5InUr) + E(T)/2,
where A = In(N4) — In(\/aB).

5)
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FIGURE 12. a) Experimental validation of V4o model. Physical parameters
given in Table 1. b) Effective gate-oxide capacitance to model the rising
trend of Vyg in pMOS below ~ 100 K, which cannot be explained by
dopant freezeout or traps (see also [13, Fig. 3]).

B. BULK DOPANT FREEZEOUT AND BANDGAP
WIDENING

As shown in Fig. 10, the impact of incomplete ionization (or
freezeout) of the dopants in the bulk (A®F) can be included
for accurate extraction of physical parameters, but is not the
dominant effect to explain the trend of V¢ over T, which
is already predicted correctly by ®p(T). Dopant freezeout
in the substrate thus lowers V1 and does not change the
qualitative trend of V1 over temperature.

Figure 11(a) show the impact of bandgap widening on
Vr1o. Similarly to bulk freezeout, band gap widening does
not change the trend of Vrg, only shifts the trend upwards
by a few tens of millivolts.

C. INTERFACE TRAPS
As shown in Fig. 11(b), adding a uniform distribution of
interface traps does not change the qualitative behavior of Vt
from ®g(T) either. This can be understood from the model
in (11), which keeps the same temperature dependence as
®p(T) since D, is assumed to be temperature independent.
On the other hand, the Gaussian distribution of traps close
to the band edge can change the trend of Vto over temper-
ature, as shown in Fig. 11(c). Increasing Ny increases the
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TABLE 1. Model parameters used in Fig. 12 for 28 nm bulk CMOS process.

(W/L = 10pm/1pm) nMOS pMOS
®,, (V) (Al, TiN) 434 42
Cor (mFm™2) 24 Cooz et Fig. 12(b)
x (Si) (V) 4.05 4.05
Nap (em™3) 2 x10'8 2% 108
Dy (cm™2eV™h 10! 10!
No (em™%) 7 x 10" 1.5 x 102
Wo (meV) 100 100

absolute saturation value of Vg and the saturating behavior
sets in at lower temperatures. This behavior resembles the
pMOS measurements from Hanamura et al. [9, Fig.4]].

This behavior can be understood from the temperature
dependence of ®p inside the error function in (11). This
dependence on T appears because we plugged v in the
error function. The exponential dependence of f(E) on T
was neglected in Qg to solve the Gauss-Fermi integral and
derive the error function model. Therefore, the impact on
the Vto seen in Fig. 11(c) is only due to the Fermi level
scanning a larger portion of the bandgap at cryogenic tem-
peratures including the Gaussian tail, and not due to the
probability of the thermal occupation of the traps. As T is
reduced, ®f inside the error function increases. When ®p
comes closer to Eg/(2q) (Fermi level closer to band edge),
the influence of the error function increases. Because Wy is
typically extending in meV-range below the band edge, the
contribution of the error function is only important at cryo-
genic temperatures as shown in Fig. 11(c). For larger Wy
(larger exponential decay of the Gaussian in the band gap),
the impact is already seen at higher temperatures [Fig. 11(d)].

However, Vg still saturates when including the traps close
to the band edge. Therefore, the pMOS measurements in
Fig. 12(a) and by Dhao et al. [13], which show a rising
trend even at cryogenic temperatures, cannot be explained
by these traps alone (neither with dopant freezeout, nor field-
assisted dopant ionization as proposed in [13]). Thus, another
phenomenon that is specific to pMOS must be responsible
for this (strain, different gate-stack, a quantum-mechanical
or band-structure-related effect of the holes, etc.). The model
in (11) requires that an empirical temperature dependence for
Cox 1s used, as shown in Figs. 12(a) and (b). The effective,
temperature-dependent C,, drops off exponentially below
a critical temperature (7p) from 24 mFm~2 at 295K to
20mFm~2 at 4.2K.

V. CONCLUSION

We present a systematic study of the impacts of the
bulk Fermi potential, dopant freezeout, field-assisted dopant
ionization, bandgap widening, and interface traps on the tem-
perature dependence of the equilibrium threshold voltage
(Vo) in bulk silicon MOSFETs down to 4.2 K. The temper-
ature dependence of the bulk Fermi potential results in an
increase and saturation of Vpy down to cryogenic tempera-
tures. On top of this saturation, interface traps close to the
band edge (modeled by a Gaussian distribution) add an error

787



ELECTRON DEVICES SOCIETY

BECKERS et al.: PHYSICAL MODEL OF LOW-TEMPERATURE TO CRYOGENIC THRESHOLD VOLTAGE IN MOSFETs

function model at cryogenic temperatures, which increases
the saturation value of Vrg. The non-saturating behavior of
V1o that is observed in some pMOS measurements, can
be modeled by an effective gate-oxide capacitance. Dopant
freezeout, field-assisted dopant ionization, bandgap widen-
ing, and interface traps uniformly distributed over energy, do
not change the qualitative behavior of Vo over temperature.
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