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Modeling of Semiconductor Substrates for RF
Applications: Part [—Static and Dynamic
Physics of Carriers and Traps

M. Rack™, Member, IEEE, F. Allibert

Abstract—This article aims to provide deep insight
into the physics of substrates for RF applications under
large-amplitude signal excitations. The impact of physi-
cal parameters on substrate-induced harmonic distortion
is modeled and well understood, from a theoretical and
quantitative standpoint. This article formulates the interplay
between applied voltage signal (dc or RF), interface fixed
charge, and trapped charge in a charge-balance analysis
for high-resistivity and trap-rich (TR) substrates. A TCAD
approach gives strong insight into the impact of such
semiconductor material and interface properties on the RF
substrate’s effective resistivity and linearity. First, a static
analysis reveals how TR interface passivation overcomes
the parasitic surface conduction effect using the concept of
deep Fermi-level pinning. Next, substrates are analyzed in
response to dynamic excitation signals. Using step func-
tions to pulse an MOS structure from strong negative to
strong positive applied charge sheds light on carrier dynam-
ics. The characteristic time constants associated with vari-
ations in trap occupancy and in free carrier densities are
discussed. Finally, sinusoidal large-amplitude signals are
considered to analyze harmonic distortion from several
types of substrates at various RF frequencies.

Index Terms— Carrier dynamics, coplanar
waveguide (CPW) line, effective resistivity, Fermi-level
pinning, harmonic distortion (HD), large-signal modeling,
nonequilibrium, pulsed MOS, RF loss, RF substrate, TCAD
modeling, trap-rich (TR) silicon-on-insulator (SOI).

|. INTRODUCTION

ILICON-BASED technologies present a cost and
Svolume—manufacturing advantage over other materials
due to high-maturity processes available on 300-mm-diameter
wafers. Today, the most advanced CMOS nodes, and in
particular silicon-on-insulator (SOI) flavors, are boasting
impressive RF figures of merit (FoMs), proposing an
attractive path for cost-effective mass market productions
of RF and mm-wave applications, including 5G, connected
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objects and smart sensors [Internet of Things (IoT)], and
radars [1].

To enable advanced telecommunication schemes (4G, 5G,
and so on), the aggregation of multiple frequency bands is
employed in order to achieve high data throughput.

Circuit elements that behave in a nonlinear fashion are
usually undesirable in a system chain, as they introduce signal
distortion between the input and the output waveforms. In the
frequency domain, this corresponds to a smearing of the
spectral content, with distortion components being generated
outside of the allocated band. Advanced telecommunication
schemes have stringent linearity specifications [2]-[4], and this
linearity burden is applied to all levels of the RF chip: from
the active devices down to the substrate material [4].

Linearity and loss depend on the device performance but
are also critically impacted by the substrate properties at
RF. For these reasons (among others), SOI is well suited to
high-frequency applications, due to its low-parasitic architec-
ture that enables decoupling of active device optimization from
the engineering of the underlying substrate materials, thanks
to a physical separation by the buried oxide (BOX) layer.

To achieve low loss and highly linear substrates, high effec-
tive resistivity (pesr) is required. To assess substrate-pesr and
substrate linearity of coplanar CMOS-type circuitry in general,
coplanar waveguides (CPWs) are chosen as the test vehicle.
The resistivity of semiconductors is by nature dependent on
the local electric field. In low-doped high-resistivity (HR)
substrates, it is typical for the semiconductor volume beneath
the insulator to be in a conductive state due to (even low-level)
parasitic fields present in the multilayer, such as originating
from fixed charges present at the insulator/semiconductor
interface. Then, a highly conductive channel-like layer is
induced at the interface, locally lowering the resistivity beneath
the circuits by a factor of 10°~10°. This in turn lowers the
sensed pegr by a factor of 10-10* to values as low as 1 Q-cm.
This is referred to as the parasitic surface conduction (PSC)
effect that renders the use of an HR substrate ineffective
[1], [5]. A breakthrough was made in the early 2000s by
introducing a thin trap-rich (TR) polysilicon layer beneath the
BOX in SOI technology [6], [7]. This layer mitigates the PSC
effect by pinning the Fermi-level near midgap at the interface
in a highly resistive state, enabling p.s values of over 1 kQ-cm,
and is widespread in the RFIC industry today [4], [8].

These considerations motivate the development of both
small- and large-signal RF models of silicon-based substrates.
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The linear modeling of silicon-based substrates, which
can capture RF path loss, effective resistivity, and substrate
crosstalk, is well established [1], [9].

In order to model the impact of substrate nonlinearities in
metal-insulator—semiconductor (MIS) devices, a solid under-
standing of semiconductor physics is required.

Though much experimental RF data have been reported [1],
[4], [8]-[11], no large-signal simulations accounting for carrier
dynamics have been proposed to model RF substrates.

This is the objective of this article, which starts by present-
ing charge-balance analyses as a function of applied voltage
signal (dc or RF), fixed interface charge, and ionized traps.

First, a static analysis is considered in order to illustrate the
working principle of how TR layers overcome the PSC effect.

Next, substrates are analyzed in response to dynamic exci-
tation signals. Using step functions to pulse an MIS structure
from a strong negative applied charge to a strong positive
applied charge provides physical insight into carrier dynamics.

Finally, sinusoidal transient large-amplitude signals are con-
sidered. Such excitations enable us to analyze quantitatively
the harmonic distortion for various types of substrates.

Overall, strong insight into the impact of semiconductor
material and interface properties on the RF substrate FoMs
is achieved. Validations based on on-wafer RF measurements
are presented in Part II [12].

Il. CHARGE COMPENSATION AT EQUILIBRIUM
A. Free Carriers, lonized Traps, and Fermi-Level Pinning

In a classical HR substrate, a PSC layer is induced made
up of many free electrons that compensate the oxide charge
(positive at SiO,/Si interfaces). The working principle of
the TR layer is to provide a different charge compensation
mechanism. Indeed, the positive (negative) fixed charge Qox
(= g Nox) must be compensated by negative (positive) charges
in the semiconductor, but to maintain high resistivity, it is
desired that the compensating charge not be made up of
free carriers that contribute to conduction. Instead, ionized
traps balance the charge, preferably such that the interface
Fermi level is deep in the bandgap (i.e., low free carrier
concentrations) ensuring a state of high resistivity.

As an example, let us consider an MOS capacitor structure
defined on a semiconductor material, such as shown in Fig. 1,
that may in general include donor and acceptor trap distribu-
tions gp(E) and g4(E) defined within the bulk volume.

The total charge density applied to this structure is

Napplied = Qac/q + Nox — Oms/qlem™?] (1)
Qdc = (Vae — ¢5)Coxlcm™?] (2)

where Q. is the charge density on the metallic top electrode
induced by the applied control voltage V. relative to the sub-
strate and ¢y is the surface potential. The term Oms = Vs Cox
accounts for the charge induced by the difference between the
work function of the metal and that of the semiconductor.
Cox = €ox/tox 1S the normalized oxide capacitance per unit
area, expressed in F/cm?, with €, and 1, defined as the oxide
permittivity and thickness, respectively.
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Fig. 1. Graphical representation of charge density distributions, in energy
and depth, in a general MOS capacitor structure on a semiconductor
substrate including arbitrary trap distributions.

At equilibrium, a compensation charge density Ncomp is
induced in the substrate to exactly counter-balance Napplied

Neomp = —Nappliea at equilibrium [em™2]. 3)

It can be made of either free carriers or ionized traps

fQ
Ncomp = / dy [Cm_ ]

= / Ntree dy +/ Nirap dy

= / (p—n) dy + / (N = Nia) dy
- Nfreelm- + Ivt.rapmT (4)

where we have defined the free and trapped interfacial charge
densities Nfree,; and Nip,, Obtained by integrating over the
space charge depth to to yield a charge density per unit
interface area. N,, and N, are the ionized acceptor and
donor trap densities, respectively (including thermal dopants,
e., shallow trap states). Donor traps that are filled by an

electron are neutral and are positively charged when empty,
whereas acceptor traps are negatively charged when filled by
an electron and are neutral when empty.

Beyond the space charge region, there is no net charge.!

Fig. 1 shows the key components of (4) for the case of an
MOS capacitor defined on an arbitrary substrate that includes
donor and acceptor trap distributions gp(E, y) and ga(E, y).

The density of states (DOS) available to electrons, holes,
ionized donor traps, and ionized acceptor traps are Nc¢(E),
Ny (E), gp(E), and ga(E), respectively. These four curves
are plotted at the Si/SiO, interface in the y = 0 plane. Each
of these distributions is then multiplied by the occupation
function and integrated over energy

Ec
NL () = / gp(E,7)- (1— F(E,7)) dE[em™] (5)
E

v

Ec

N,(F) = / ga(E,7)- F(E,7) dE[cm™] (6)
Ev
Eyc

n(r) = / N¢(E) - F(E,7) dE[cm™] (7
Ec
Ey

p(F) = Ny(E)- (1 — F(E,7)) dE[cm™’].  (8)

Env

IWe write: p(y) — n(y) + Nfl')(y) — N, (y) =0 fory > tp.
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The resulting area plots in the y = 0 plane represent the
charge densities n, p, N,,, and N,J[) in cm™2 at the interface.

The interfacial trapped charge density Nyap,, is computed
graphically as the difference between the purple and blue
volumes situated between Ey and E¢ and between y = 0
and y = tp. Similarly, Nfee,, is computed as the difference
between the purple volume situated below Ey and below ¢

and the blue volume situated above E¢ and below .

B. Charge Compensation Analysis: HR Versus TR

Now, let us analyze the charge compensation mechanisms
of an MOS capacitor in two distinct substrates of interest.

1) HR: An HR substrate without any traps: gp(E) =

ga(E) =0.

2) TR: A TR substrate with strong trap distributions.

For both substrates, two cases are considered.

1) A highly negative charge density Napplied— iS imposed.
2) A highly positive charge density Nappiied+ 1S imposed.
In both cases, the two substrates provide the same compensa-

tion Chafge Ncomp = Nfreem—r + NlraplNT = _NApplied-

In case 1, we denote as Er_ the position of the Fermi level
at the Si/SiO; interface (y = 0). Note that Er_ is different for
the two considered substrates. Then, Fig. 2 (HR-1) and (TR-1)
show the charge densities at the interface for both substrates,
where the energy configuration is Er(y =0) = Ep_.

For the HR substrate, the compensation charge is entirely
made up of the term Njree,y,. Therefore, in order to compensate
for the highly negative applied charge Nappiica—, the Fermi
level has moved close to the valence band edge, and a large
free hole concentration p (purple area) is induced at the
interface to provide the compensation.

For the TR substrate, trapped charge also contributes to
Neomp- Fig. 2 (TR-1) highlights this, where large valued func-
tions gp(E) and ga(E) have been introduced. One can see
that the charge balance is mainly provided by the ionized trap
densities N,, and NJ) (blue and purple areas in the bandgap,
respectively). Free carrier densities n and p are inevitably
present but are in negligible quantity compared to the ionized
trap terms in TR substrates. This is because many deep-level
traps close to the interface provide the necessary compensation
charge and maintain the Fermi level deep in the bandgap.

Note that in response to the negative Napplica—, both (HR-1)
substrate and the (TR-1) substrate must provide the same net
positive compensation charge Neomp.

In case 2, we denote as Ep, (different for the two sub-
strates) the position of the Fermi level at the interface.

For the HR substrate, the Fermi level has moved close to
Ec, and a large free electron concentration n (blue area) is
induced at the interface to provide the compensation.

For the TR substrate, a Fermi level Ep, situated deep
in the bandgap is able to provide a charge configuration
that compensates for Nappliea+- Also, once again, free carrier
densities (that contribute to Ny, ;) are in negligible quantity.

In terms of RF substrate performance, a low value of Ny
comes high effective substrate resistivity and strong substrate
linearity. For TR substrates, N remains low for usual values
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Fig. 2. Example of trap occupancy and free carrier density variation at
the surface in response to a shift in the Fermi level from Er_ to Ef,.
Initial configuration at Er_ (HR-1) and (TR-1). Second configuration at
EF, after some band bending due to some introduced positive charge
[applied positive bias for example (HR-2) and (TR-2)].

of NApplied,z meaning that TR’s RF performance depends little
on the dc bias voltage.

In HR substrates, N, is the dominating (only) compensa-
tion mechanism, requiring large swings in Er and allowing
for large swings in n and p (strong accumulation to strong
inversion). This allows the substrate interface to be in conduc-
tive states, contributing to increased loss. Time-varying signals
on such substrates induce applied charge variations A Napplied
that strongly influence the substrate’s electrical parameters.
Variations in substrate conductance and capacitance flow from
variations in free carrier densities n and p that determine
substrate impedance, making HR substrates quite nonlinear.

In TR substrates, Ny, is the dominating compensation term.
In response to a A Napplied, cOmpensation is achieved with only
a small variation in Er deep in the bandgap that produces large
variations in N,}) and N, ,, thereby avoiding large values of the
free carrier densities n and p. The Fermi level at the interface
is said to be deeply pinned, locking the interface in a state of
high resistivity, with little dependence on Nappiied, making TR
substrates low loss and very linear.

C. Impact of the TR Layer on RF Performance

To evaluate the impact of a TR layer on the RF substrate
FoMs, TCAD simulations were run on a CPW line structure.
With reference to Fig. 3(a), the physical parameters are as
follows:

1) Metal thickness of the CPW line fpeay = 1 pm.
a) Aluminum, with metal work function ¢, = 4.1 eV.
b) CPW dimensions W¢/S/ W =26/12/200 pm.
2) Oxide thickness #,x = 400 nm.
a) With N,y = Qox/q = +10'" cm™2.

2By usual values of Napplied, it is meant densities that will typically be
encountered in RFICs, such as originating from a few volts on an MOS
structure with an oxide thickness in the range of 1 xm and/or originating from

fixed oxide charge densities at Si/SiO, interfaces in the range of 10'! cm~2.
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Fig. 3. Cross section of the simulated CPW structure on silicon-based
substrates. (a) Physical parameters. (b) Simplified equivalent circuit
model that roughly highlights the linear and nonlinear regions of the
substrate under large-signal excitation. Inset: tail trap DOS equations.

3) Polysilicon thickness fpoy = 1 um using tail distribu-
tions gra(E) and grp(E) [13], [14] (equations inset in
Fig. 3).

a) Characteristic energies WTA = WTD = 40 meV.
b) Density variable NTA = NTD = NT.

4) Silicon substrate thickness fg, = 500 pm.
a) Ny =28x10"2 cm™3, ie., pom = 5 kQ-cm.

Based on this CPW device, substrate performances were
simulated (at 25 °C) for a range of trap densities NT, from
10" to 10?* cm—3eV~!, and are presented in Fig. 4.

Below NT of 10'® cm™3eV~!, the traps are in negligible
quantity and the substrate can be considered as an HR. In that
case, Fig. 4(a) shows that the Fermi level at the SiO, interface
is close to the conduction band, at around Ey + 0.87 eV, due
to the fixed interface charge density Nox. As a consequence,
a PSC layer (many electrons) is present at the interface, which
translates into a low effective resistivity and high levels of
harmonics as shown in Fig. 4(c) and (d).

Substrate linearity is evaluated by the amount of generated
second-harmonic power component H2 at the output of a
CPW line when a pure sine excites its input. This is shown in
the inset of Fig. 4(d), where H?2 is computed for a simulation
fundamental power of +15 dBm, which corresponds to a
sinusoidal RF voltage amplitude of 1.78 V.

Fig. 4(b) shows the net interfacial density of free carriers
Nireeny and the net interfacial density of trapped charges
Nyap,,, directly beneath the signal line of the simulated CPW
structure. They are obtained from (4) by integrating up to a
depth of #,,y = 1 um (finite boundary instead of using 7¢).
At equilibrium, they can be directly compared t0 Napplied-

VMms is computed as —0.65 V. Therefore, at V4. = 0,
we calculate —Napplieda =~ —1.35 x 101 cm™2 using (1). The
dashed blue line in Fig. 4(b) plots this —Nappiied, and one can
observe that the sum of the two curves Npeep, and Niap,,
(see (4)) approximately equals this value, for all simulated
substrates, in agreement with (3).

As the trap density NT is increased in the polysilicon
layer, the traps contribute more strongly (Niwp,, /") to the
compensation of Napplied. The Fermi level moves deeper into
the bandgap [see Fig. 4(a)] and the free carriers contribute
less (Nfreepnr - The interface becomes more resistive, and
the PSC layer weakens in conductance, which translates into
a higher effective resistivity, as shown in Fig. 4(c), and to
lower distortion levels, as shown in Fig. 4(d).

>
S o
o5 08
=F
U
=25 07
ESE
[ *2' = 06}
£ ‘
10% 10%° 1022
= (!'0_‘ 0 : T
oy E e N | ()
Z 5510 N
a5 = Yrapn
£ *
&£ .10} -
S wm hasnsunssanuns .
= o - - - o e - . e = = =
o2 ‘ .
- 10'6 10'8 1020 1022
10k
=E
o Q
100
10 10" 107 1072
E_ 50
= 5 L : .
N 70l Pin CPW HlH2 ]
%E [E— H3 | (@)
2% ol z T s
10" 10" 1020 10
NT [eVem™]

Fig. 4. Simulated electrical parameters of a CPW line on a TR substrate
as a function of trap density NT in the polysilicon passivation layer (at
25 °C). The applied dc bias is 0 V. (a) Position of the Fermi level at
100 nm below the oxide layer. (b) Interfacial densities of free charge
and trapped charge. (c) Effective resistivity, extracted above slow wave
mode (>10 GHz). (d) Second-harmonic level for +15 dBm of output
fundamental at f, = 900 MHz.

When NT increases above the range of 1 x 1020 cm—3evV—1,
the polysilicon can really be considered as an effective TR
layer since pefr increases above 3-kQ.cm H2 decreases below
—80 dBm. A value of —80 dBm at f, = 900 MHz corresponds
to the linearity quality of the commercially available eSI80
substrates from Soitec [4], [8] (benchmarked using CPWs of
the same dimensions as here).

Notice how the total amount of trapped charge Niyap,,
converges toward —Nappied = —1.35 x 10! em™ as NT
increases, to compensate almost entirely the applied charge.
When NT is low, it can be seen that N, provides entirely
this compensation charge — Napplied-

All of the results presented in Fig. 4 were obtained without
applying any net dc voltage between the CPW test structure
and the semiconductor substrate. A dc bias will strongly affect
the behavior of semiconductor substrates, by significantly
contributing to Nappiiea, as described by (1).

Fig. 5 then analyzes the substrate’s small- and large-signal
RF behavior as a function of varying dc bias voltage. This
voltage is applied to the signal line relative to the two ground
lines of the CPW. The substrate is also dc grounded (to the
same potential as the CPW’s ground lines) through a large bias
resistor and is therefore RF floating. This biasing situation is
close to the setup used during on-wafer RF measurements.

Fig. 5(a) shows that as the trap density NT increases,
the interface Fermi level becomes more tightly pinned, to a
deep position. This translates into a smaller variation of Nree,y;
as a function of the line voltage (dc and RF).
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Fig. 5. Simulated electrical parameters of a CPW line as a function
of applied dc voltage V4, for several TR substrates with various trap
densities NT (at25 °C). (a) Position of the Fermilevel at 100 nm below the
oxide layer. (b) Interfacial densities of free charge and trapped charge.
(c) Effective resistivity, extracted above slow wave mode (>10 GHz).
(d) Second-harmonic level for +15 dBm of output fundamental.

For the case of a large value of NT = 1 x 102 cm3eV—!,
the substrate’s FoMs pesr and H2 have almost no bias depen-
dence, due to the very tight Fermi-level pinning.

The sum of the curves Npeep, (Vi) + Nuapyy (Vac) of
Fig. 5(b) gives the unique curve —Nappiied(Vac), which is
calculated according to (1) and plotted in a blue dashed line.

Figs. 4 and 5 show physical insight into the inner workings
of HR and TR substrates and show the link between the
physics and the RF performance metrics. Further comments
on the results are reserved for Part II [12]. Model correlation
to measured small- and large-signal data is also given in Part II
[12], providing a first demonstration of accuracy in modeling
both HR and TR samples.

I11. NONEQUILIBRIUM DYNAMICS

So far, all of the above discussion has been in the framework
of semiconductor materials that have reached equilibrium.
In particular, all curves from all substrates of Figs. 4(a)—(c)
and 5(a)—(c) are at equilibrium.

However, carriers and traps have finite response times, and
equilibrium concentrations take time to be reached (finite
inertia). Then, in response to a time-varying voltage signal,
the equilibrium compensation charge in the substrate may not
have time to establish itself, and this is particularly the case
when considering large-amplitude and high-frequency signals.
In general, under such conditions, (3) does not hold true.

To illustrate the response times, the CPW structure of Fig. 3
is analyzed using fox = 400 nm, Ny set to 0 or 10'' cm™2,
p-type silicon substrate of nominal resistivity ps; (variable)
and without any TR layer, and a single midgap recombination
center (uniform density of 10'* cm™3).

A transient voltage signal is applied on the central CPW
electrode, with the substrate potential set to the reference value
of 0 V. Neutral electrodes at 0 V are defined for the two ground
lines of the CPW. The applied voltage signal is initially at
—10V, and the substrate’s initial equilibrium condition below
the CPW central line is, therefore, an accumulation state.
The line voltage is then ramped to +10 V with a 1-ps step
time.

An analysis is then made on the carrier response times in
the substrate by looking at the evolution of the free interfacial
charge densities defined over a 1 um depth as

1 gm 1 um
poer 2 / p() dy, nvr 2 / n@) dy. )
0 0

A. Response Time Analysis Without Fixed Oxide Charge

Fig. 6(a) and (b) then shows the evolution of the interfacial
carrier concentrations over time below the signal line pinr(?),
niNt(f), and Nieen, (), considering a range of bulk P-type
substrate resistivities, and with Nox = 0 cm—2. The introduced
voltage step pulses the structure from a state of strong accu-
mulation to a state of strong inversion, meaning that the large
interfacial hole density piy must be repelled, and a large
interfacial electron density nyt must be induced.

It is important to note that the total number of electrons and
holes in the system is very different at t = 400 than at r = 0,
before and after the voltage step is applied. To reach the final
equilibrium, free carriers must be generated/recombined.

However, the existing carriers in the substrate may spatially
rearrange themselves in response to the pulse to minimize
the global nonequilibrium while waiting for thermal gener-
ation/recombination of carriers to provide total equilibrium.

Thermal variations in carrier densities are approximately lin-
ear with time, as depicted by the dashed blue line in Fig. 6(a)
whose slope is determined by the net generation/recombination
rate. vth depends on many material parameters (trap energy
distributions, capture cross sections, and surface rates). In the
context of this work, the exact value of rth is not critical when
studying substrate response to RF signals, as long as tth is
significantly longer than 1 ns, which is a reasonable assertion.

Before final equilibrium is achieved through thermal gener-
ation after 1-10 ms, carriers undergo a rearrangement process
within the silicon. However, carriers cannot respond instanta-
neously since they have finite inertia. Fig. 6(a) shows that the
majority carriers in the accumulation layer respond in a finite
time Tgp, that is of the order of 1-10 ns. This time constant
is the dielectric relaxation time of the substrate

Toub = 27 psi€s; [5]. (10)

In the considered silicon substrates, this characteristic time
depends on the nominal resistivity. For the 1-kQ-cm and
50-Q-cm substrates, 7y is calculated using (10) as 6.5 ns
and 320 ps, respectively, and these values agree well with
the observable response times from the TCAD results. gy
represents the time needed to repel the accumulation layer
from the interface into the substrate. At the same time,
available minority carriers from elsewhere in the substrate are
attracted.
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Fig. 6. Simulations of the evolution over time of interfacial free carrier densities in p-type substrates in response to a transient voltage pulse from
—10 V (strong accumulation) to +10 V (strong inversion) with a 1 ps ramp time. (a) and (b) Nox = 0 cm~2. (c) and (d) Nox = 10" cm=2.

Between times 7y, and tth, we say that the interface region
is in a state of strong depletion and that the silicon below this
interface is in a state of deep depletion.

1) The notion of strong depletion describes the interface at
all times for which Nireep (1) K Nireepr (f = +00). This
is highlighted in Fig. 6(a) and (b), which show that the
interface is strongly depleted from 7g, to zth.

2) The notion of deep depletion describes an extent of
the space charge region into the substrate. The non-
equilibrium depletion region is deeper than the final
equilibrium one. Physically, this happens such that a
large space charge region, negatively charged (ionized
acceptor dopants), provides charge compensation to the
applied +10 V, while free electrons are thermally gen-
erated.

Too many holes are repelled from the interface, in the sense
that pINT(Tsub <t < tth) K pINT(t = +00), and we have
n - p < n? in the nonequilibrium depletion region.

Once the time gets close to rth and almost enough electrons
have been thermally generated, holes drift back to the interface
to achieve the equilibrium concentrations. It is plain to see
from Fig. 6(b) that (3) only holds true when ¢ = 0 and when
t > tth, i.e., when the system is at equilibrium.

Transient voltage simulations of an MOS device in 1-D
using Nox =0 cm~? from [15] provide similar results to those
of Fig. 6(a) and (b) and support them.

B. Response Time Analysis With Fixed Oxide Charge

Let us now perform the same type of analysis on a substrate
with a fixed interfacial charge density of Nox = 10" cm™2.
Fig. 6(c) and (d) shows the evolution of the interfacial carrier
concentrations piNt(?), niNt(¢), and Niree,, ().

Once again, the introduced voltage step pulses the structure
from a state of strong accumulation to a state of strong

inversion for all considered substrates. Once more, the large
interfacial hole density piy must be repelled, and a large
interfacial electron density nyyt must be induced.

Final equilibrium must once again be obtained by thermal
generation and recombination and will only be established
after 1-10 ms for the arbitrary (TCAD Atlas default) SRH
parameters used in these simulations.

However, there are large reservoirs of electrons in the
system, induced to the left and right of the signal CPW line by
the positive Noy. At the initial equilibrium point r = 0, there is
an electronic PCS layer (inversion in p-type substrates) present
over the entire wafer, except beneath the signal line where a
state of accumulation is enforced by the initial applied —10 V.

As the voltage is ramped to +10 V, a partial equilibrium
can be achieved quite rapidly because the number of available
minority carriers is high, as they are present in large quantities
in the PSC regions over the entire wafer.

Fig. 6(c) and (d) shows that at a time close to g, the carri-
ers have had time to spatially rearrange themselves in response
to the voltage step (without reaching equilibrium). The key
difference compared to Fig. 6(a) and (b) is that the magnitude
of electron response is larger, due to the availability of a
much higher number of electrons in the system. The effect is
that strong depletion is avoided at the interface, and a partial
equilibrium is reached instead. Fig. 6(b) shows that strong
depletion spans from ¢t = 7y to ¢ = tth, but in Fig. 6(d),
a significant portion of the required electron density floods to
the interface within a few nanoseconds. Though this partial
equilibrium density nnt(tey < ¢ < tth) is not the final
equilibrium density niny(f = +00), the interface cannot be
said to be in a state of depletion, and actually, fairly strong
inversion is obtained within a short time.

The magnitude response of the attracted inversion layer is
larger for lower doped substrates, as the available minority
carrier density in the PSC electronic reservoirs is higher. The
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PSC density in cm™? in the regions adjacent to the central

CPW line over 1 um depth is approximately equal to

L ym 1um
B Ne é/ n(F) dy ~ Nox _/ Ny dy
0 0

where N, is the nominal substrate doping, in cm™. This
is the available carrier density in the reservoirs adjacent
to the central CPW line and is a function of the doping,
as negatively ionized acceptor dopants provide partial charge
compensation to Nyx. For the 1-kQ-cm silicon, the reservoir
density is analytically computed using (11) as 9.8 x 10'® cm~2
(A Nox). For the 50-Q-cm substrate, npsc,,, is calculated as
6.7 x 10'° cm™2. Fig. 6(d) highlights the fact that substrates
with a higher reservoir density provide carriers in densities
closer to the final equilibrium values. In all cases, partial
equilibrium corresponds to a significant proportion of the final
strong inversion density. The response time is not governed by
Tsubs as these carriers do not move through the substrate region
characterized by ps; but come instead from the PSC reservoirs.
The TCAD simulations also revealed that the deep-depletion
effect was extended to the depletion regions below the PSC
layers adjacent to the signal electrode location. As minority
carriers leave the PSC layer to flood below the signal electrode,
some nonequilibrium is propagated to these regions, which
they have too few interface minority carriers to balance the
oxide charges. The depletion regions below these interfaces
are then extended deeper into the substrate, to provide some
compensation charge by pushing away majority carrier into
the bulk, causing a net negative space charge in these regions
due to the ionized acceptor dopants of the bulk.

Once more, too many holes are repelled from the interface,
in the sense that pnt(7s < ¢ < 7th) K pint(f = +00), and
(3) only holds for + = 0 and ¢ > tth (at equilibrium).

(1)

C. Sinusoidal Excitation and Impact of Fundamental
Frequency on Harmonic Distortion

We have overviewed carrier dynamics and response times
in an MOS structure subjected to a large-amplitude voltage
step. It is clear from those discussions that the frequency of
a large-amplitude sine wave will determine the magnitude
of free carrier response. To illustrate this, the same CPW
MOS structure [shown in Fig. 3(b)] is subjected to an RF
signal at frequency f with an amplitude of 2.5 V centered
around a dc bias point of O V. The considered substrate is
a 1-kQ-cm p-type, without any polysilicon layer and with an
interfacial oxide charge density of Ny = 10'' cm™2. The
simulated interfacial free carrier density Nee,, () is plotted
against normalized time ¢t/ T in Fig. 7 for several frequencies
f=1/T.

At the very low frequency of f = 1 Hz, we can say that
the substrate is in equilibrium at each point in time, and thus,
the amplitude of the Niee,y, () response is maximum.

As the frequency is increased, the inertia of the dynamic
effects limit the amplitude response of Npeey, (¢). This is
observable already above a few hundreds of hertz, as the final
equilibrium time is of the order of 1-10 ms (see Section III-B).

Above a few tens of kilohertz, we may consider that
only carriers that were initially present in the MOS structure
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0 2 4 6 8 10
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Fig. 7. Simulated interfacial free carrier density Niree,; (f) below an MOS
CPW line versus normalized time t/T for a 2.5-V amplitude sinusoidal
excitation around 0-V dc bias for several frequencies f=1/T (at 25 °C).
The substrate is a 1-kQ2-cm p-type with a 400-nm oxide characterized by
Nox = 10" ecm~2. No TR layer is present.

can rearrange themselves within the substrate in response to
the large signal. Up to a few hundreds of megahertz and
with an interfacial charge density Nox of 10" cm™2 defined,
partial equilibrium can be obtained within a few nanosec-
onds, and the variation in Nfee,, () still remains significant
(see Section III-B).

However, as the frequency increases above a few gigahertz,
the carrier response amplitude decreases significantly, as then
even the existing carriers cannot follow the RF signal. This is
in agreement with the carrier response times of the order of
the nanosecond, for both minority and majority carriers.

This is highlighted in Fig. 8(a), which plots the amplitude
of the net free interfacial charge density A{Nfee,,(f)} as a
function of frequency. The effective conductivity gegr = 1/ pest
of the substrate is also plotted over frequency. Due to the
conductive nature of an HR suffering from the PSC effect,
the propagation at low frequencies is in the slow wave mode.
In this mode, the E-field is mainly concentrated within the
insulator that then dominates the substrate impedance, and the
silicon region below it basically acts as an equipotential ac
node.? Three dc bias conditions are considered in Fig. 8.

Fig. 8(b) shows the simulated second-harmonic distortion
component H2 for a fundamental output power of HIl =
415 dBm as a function of fundamental frequency. It shows
that the distortion is maximum around 1 GHz. This can
be explained from the plots of Fig. 8(b) and based on the
simplified equivalent circuit that is superimposed on the MOS
CPW structure of Fig. 3(b). In that circuit, all impedances
are linear except for the impedance Zy; (V) that models the
silicon regions at the interface beneath the CPW line.

The H2(f) curve can be understood from the facts that the
following holds.

1) At lower frequencies, the dielectric impedances (in
series) dominate and linearize the overall substrate
impedance.

2) At higher frequencies, the substrate region below the
CPW signal line becomes more linear due to the
finite response times of carriers in the semiconductor,
i.e., variations in Zy.;(V) are dampened by carrier

3Referring to Fig. 3, the propagation is said to be in the slow wave mode
at frequencies for which 1/(27 f Cox) > Rs;j).
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Fig. 8. TCAD results of a CPW line simulated on a 1-kQ2-cm p-type
HR substrate with 400 nm of oxide and Nox = 10'! cm~2, plotted over
frequency at three dc bias points (at 25 °C). (a) Frequency dependence
of the effective conductivity oet = 1/peff @and the amplitude of the net free
interfacial charge density A{Niree,; (9)}. (D) Frequency dependence of the
second-harmonic distortion component H2 for a fundamental component
power H1 of +15 dBm.

Carrier inertia dampens
impedance variations at
high frequencies

inertia. The overall substrate impedance then becomes
more linear.

These two effects both tend to reduce harmonic distortion:
the first in the low-frequency range and the second in the
high-frequency range. The distortion is then maximum in the
intermediate frequency range at around 1 GHz.

This corresponds to a frequency slightly before the end of
the slow wave mode when the oxide impedance is no longer
dominating* the total substrate impedance and before the
amplitude response of A{Nyee,, (f)} and therefore A{Zy . (¢)}
reduces any further.

It corresponds to a tradeoff point between the impacts
of these two effects. We can then conclude by saying that
the nonlinearity of an HR substrate depends on the fre-
quency responses of both pe and A{Npeen, (f)}. Both of
these parameters depend on the fixed oxide charge density
Nox at the Si/SiO, interface. The dielectric impedance, and
hence the dielectric thickness, impacts strongly on the peg(f)
response.

The bell shape of the H2(f) curve can then be shifted
up or down in frequency depending on the slow wave tran-
sition frequency. For the case presented here, an HR with
Nox = 10'' cm™2, this transition frequency is in the range of
1 GHz. For TR-type substrates, it is typically in the range of
a few megahertz. H2(f) measurements will be presented in
Part II, for several TR and several HR substrates, with Ny up
to 2.1 x 10'? cm™2,

IV. CONCLUSION
For the first time to the authors’ knowledge, this article
provides detailed information on the physical behavior of RF

41t is not negligible but is not dominating either: at 1 GHz, Zy, + Zoxg
accounts for roughly 65% of the norm of the overall total substrate impedance.

substrates under large-amplitude excitations through quantita-
tive analysis of HR and TR substrates.

Under such excitations, nonequilibrium states are fully
considered and the dynamics of carriers analyzed, as they are
responsible for governing impedance variations in response to
the applied signals and hence govern nonlinear distortion.

By considering a wide range of fundamental excitation
frequencies, these analyses allow us to evaluate the relative
impact of the dielectric layer and that of free carrier inertia
on the HD levels of HR and TR substrates.

The concept of available carriers is of high relevance when
considering high-frequency large-amplitude signals that vary
too rapidly for the total amount of free carriers to change
significantly in response (through thermal recombination).

In Part II of this series [12], a wide range of substrate
measurements and simulations are provided for several HR and
TR samples with different material properties. An excellent
model to hardware correlation is achieved over this broad
range, due to the physical insight gained from this article,
which enables all data trends in [12] to be well understood.
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