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Abstract— In this paper, an experimental in-
vestigation on high-temperature carrier mobil-
ity in silicon inversion layers is carried out with
the aim of improving our understanding of car-
rier transport at the onset of second breakdown.
Special MOSFET structures suitable for Hall
measurements were designed and manufactured
using the BCD-3 technology available at ST-
Microelectronics. Hall measurements were car-
ried out using a special measurement setup that
allows operating temperatures in excess of 400°C
to be reached within the polar expansions of a
commercial magnet. A novel exiraction method-
ology allowing for the determination of the Hall
factor and the carrier mobility against impurity
concentration and lattice temperature was de-
vised. Finally, a compact mobility model suitable
for implementation in device simulators has been
worked out, implemented in the DESSIS® code
and validated within an industrial environment.

I. INTRODUCTION

In this study we investigate carrier mobility in MOS-
FETs at large operating temperature with the aim to im-
prove our understanding of second breakdown and ther-
mal runaway, which can occur in silicon devices under
high-voltage and high-current conditions. This goal has
been pursued within the context of a European project
called ESDEM and, subsequently, a German research
project called PARASITICS. In order to reliably pre-
dict by numerical simulation the occurrence of second
breakdown, it was felt that the existing models of im-
pact ionization and carrier mobility had to be extended
and validated up to at least 400°C. This paper specifi-
cally addresses the issue of surface mobility, which has
been measured from specially-designed test structures in
the temperature range between 25 and 400°C. Further-
more, & new mobility model suitable for implementation
in simulation codes has been worked out and validated
in the above temperature range. The model is based
on, and improves upon, previous works by Schwarz and
Russek [1], Lombardi et al. (2] and Darwish et al. [3].
In a previous paper, the silicon bulk mobility was inves-
tigated [4]. Its expression represents the starting point
for the present development, which heavily relies on the
experimental contribution by Takagi et al. [5].

This work was carried out in close cooperation by four
Institutions, namely: ST-Microelectronics designed and
manufactured the required test structures using the
BCD-3 smart-power technology; ETHZ conceived, real-
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ized and tested the experimental setup and carried out
the high-temperature measurements; the University of
Bologna performed the extraction of the carrier mobil-
ity from experimental data and worked out a new com-
pact mobility model which holds from 25 to 400°C; fi-
nally, Bosch validated the model by simulation of the
test structures and comparison of simulated and experi-
mental data,

Carrier mobility has been determined from conductance
and Hall measurements carried out at ETHZ on special
MOSFET structures with lateral contacts along the chan-
nel. In order to extend the temperature range of the
measurements, a novel experimental setup has been de-
vised which allows us to controllably heat up the device
under test (DUT) within the polar expansions of a mag-
net. This is achieved by means of a dedicated sample
holder which, besides offering up to 10 electrical con-
tacts to the DUT, has provisions for a microcomputer-
controlled heating system.

A new mobility-extraction methodology from resistivity
and Hall measurements has been developed which does
not require any assumption on the specific values of the
Hall factor. Rather, the latter is determined from the
experimental mobility behavior against doping and tem-
perature.

This paper is organized as follows: in the next sec-
tion we discuss the test structures designed for mobil-
ity measurements. Section IIl addresses the problem of
high-temperature measurements and illustrates the setup
which allows for a uniform heating of the sample within
the polar expansion of a magnet. Section IV presents the
compact mobility model proposed in this paper, which
holds for temperatures ranging between 20 and 400°C,
and compares it with literature data and with previous
models. Section V illustrates the measurement results
and the methodology used to separately extract both sur-
face mobility and Hall factor against doping and temper-
ature. Conclusions are drawn in Section VI.

1I. STRUCTURE FABRICATION

Special test structures were designed and fabricated
with the purpose of carrying cut the high-temperature
measurements. More specifically, long-channel devices
were designed with lateral contacts on both sides of the
channel, as shown in figure 1, in order to make Hall
measurements feasible. The Hall technique allowed us
to measure the carrier density per unit area within the
MOSFET channel with a supposedly-small uncertainty
due to the Hall factor. Four different MOSFETs were
fabricated in the test chip using suitable n and p layers
made available by the BCD-3 technology.



Figure 1. Layout view of the MOSFET structure for
Hall measurements.

The first set of MOS transistors is characterized by a 170
pm gate length, 42.5 ym width and 25.5 nm oxide thick-
ness. In the following, they are referred to as the N-HALL
and P-HALL devices, The N-HALL transistor was [abri-
cated in a p-well diffusion on an n-epi layer, with channel
implantation. The surface doping density is about 3 x
108 em~=3. The P-HALL transistor was directly fabri-
cated in the n-epi layer, with channel implantation. The
surface impurity concentration is about 4 x 10*8em=3.
The gate bias can nominally reach 5 V, but experiments
were carried out for biases up to 20 V. N-HALL and P-
HALL devices have been measured at temperatures up
to 625 K.

The second set of MOSFETS is characterized by 100 um
gate length, 20 um width and 40 nm oxide thickness.
In the following, they are referred to as the NMOS and
PMOS devices. Both of them were fabricated without
any channel implant and the doping density at the Si-
5iQy interface is about 2.9 x 10'® em~? in the NMOS
and 3.2 x 10'® cm~? in the PMOS devices. In this case,
the gate bias can nominally reach 11-12 V, but data mea-
surements were collected for biases up to 20 V. NMOS
and PMOS devices were measured at temperatures be-
low 675 K.

Tt has been found that the n-epi/p-well junction in the r-
channel devices and, correspondingly, the p-substrate/n-
epi junction in the p-channel devices influence the mea-
surement results due to carrier gemeration, which be-
comes more and rore important as temperature in-
creases. In order to collect thermally-generated carriers
at the body and epi (or substrate) contacts, the junctions
have been kept reverse-biased at + 2.5 V.

III. MEASUREMENT SETUP

The Hall technique was chosen in order to have an
independent determination of the inversion-layer charge.
The requirement of measuring Hall mobility at temper-
atures up to 400°C made the development of a custom
measurement setup necessary. Details about its main
features were given in [4]. The Hall measurement sys-
tem is a temperature-controlled apparatus with DUT-
mounting facilities and automated instrument control.
For the Hall measurements, the drain current was ad-
justed while changing the gate voltage up to 20 V in
order to keep the drain voltage low enough to ensure
a negligible perturbation of the channel. The magnetic
field has been fixed to 0.7 Tesla. The measurement ap-
paratus provides two distinct parameter values for each
bias: the “transverse” resistance, R;, and the MOSFET
resistance, R,. The transverse resistance is the ratio be-
tween the Hall voltage Vi, and the drain current Ip;
the MOSFET resistance is instead the ratio between the
drain-source voltage and the drain current at low Vpg.
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With the new extraction methodology, to be described in
section V, both the Hall factor and surface mobility have
been determined consistently with the measured data.

IV. ELECTRON- AND HOLE-MOBILITY
MODELS

According to the classical semiconductor equations

implemented in general-purpose device simulators, the
inversion-layer mobility within the channel is locally de-
fined against the transverse electric field. The local func-
tion u(E),N;bulk) has been chosen as a physically-
based semi-empirical model with a number of parame-
ters fitted to give the best agreement with experiments.
Moreaver, this model is applicable not only within the
MOSFET inversion layer, but anywhere within the de-
vice. Starting from the bulk mobility [4], a number of
contributions have been added, each corresponding to
a different surface scattering mechanism. More specifi-
cally, the model includes phonon, Coulomb and surface-
roughness scattering, which are modeled as functions of
local quantities only, using Matthiessen’s rule. Next,
the effective carrier mobility is accurately computed and
compared with experimental mobility data against effec-
tive normal field in order to reproduce the universality of
the electron and hole mohility curves.
To extract the functional dependence of carrier mobility
on excess carrier concentration and normal electric field,
the effective mobility was numerically computed by inte-
gration over the channel depth using established semicon-
ductor device equations. The effective carrier mobility is
expressed as

q ™
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1

where x4 is the space-charge width, N; = n(z) —ng is the
excess minority carrier concentration per unit volume in
the inversion layer, @; is the inversion-layer charge den-
sity and j{z) is the local mobility function we want to
medel. In order to work out a local model independent
of the device geometry, the + dependence of mobility was
assumed to be due to its direct dependence on impurity
concentration, N; and E .
By accounting for screened Coulomb scattering, the
present model very well predicts the roll-off of effective
mobility in the low field region for a wide range of dop-
ing concentrations. Finally, the model was calibrated to
properly account for temperature changes.

A. Analytical model description
The Matthiessen-like mobility function we used reads

. 1 _ 1 1 1 ( 2)
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The ppsc term is associated to the substrate impurity
and carrier concentrations. It is decomposed into an un-
screened part, due to the impurities, and a screened part
related to the local excess carrier concentration:

Hbsc = /-"'b(l + f;::)l/T 1 (3)

where g, is the bulk mobility model presented in [4] and
T is a parameter equal to 1 for electrons and 3 for holes.



The screening function is given by
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Eq. (3) correctly models the roll-off in the effective mo-
bility curves. As the effective field increases, mobility be-
comes independent of the channel doping and approaches
the universal curve. The main scattering processes are
surface-phonon and surface-roughness scattering, namely

Ny
Ng+ Np
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No dependence on doping or carrier concentration ap-
pears in the field exponent in (6), as proposed by [3]. An
optimized set of values for the fitting parameters in eqgs.
(4), (5) and (6) are shown in tables I and II for electrons
and holes, respectively (T, = T/300).

Parameters Electrons
Ny (em™3) 2.34-1018
N, (cm~%) 4.0-10®
Ny (cm™3) 1.0- 1077
Ny (em™%) 2.4-1018

A (cm?/Vsec) | 1.86.10%. 77158

B (cm?/Vsec) 5.8 - 1018

T 1

r 0.3

a 0.026

b 0.11

& 0.29

A 2.64
TABLE I

SURFACE MOBILITY PARAMETERS FOR ELECTRONS

B. Calibration of the surface mobility

The first mobility calibration was carried out using the
experimental data by Takagi [5], whose measurements
were carried out on long-channel n-MOS and p-MOS
transistors with a homogeneous substrate concentration.
In order to calibrate the model on experimental data, a
number of simulations were performed for long-channel
n-MOS and p-MOS transistors following the suggestions
given in [5]. Then, the effective mobility was numerically
computed by integration over the channel depth using es-
tablished semiconductor-device equations and the surface
potential provided by the solution of Poisson’s equation.
The effective normal field was computed as

Eepp ={Qs +nQi)/es, {7

where () is the depletion-region charge density, @; is
the inversion-layer charge density and e, is the silicon
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Parameters Holes
Ny {cm=3) 2.02-10'8
Ny (em™®) 7.8.101
N3 (em™3) 2.0.10%
Ny (cm™) 6.6- 1017

5.726-10% . Ti713
7.82.108° - T4

A (em?/Vsec)
B {cm?/Vsec)

T 3

r 0.5
a —0.02
b 0.08
é 0.3

A 2.24

TABLE 11
SURFACE MOBILITY PARAMETERS FOR HOLES
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Figure 2. Electron mobility curves in MOSFET inversion
layers for various impurity concentrations. Experi-
ments are from [5]. The effective electric field has
been computed with 7 = 0.5,

dielectric constant. The value of 5 is 0.5 for electrons,
which gives the true average normal field, and 0.3 for
holes, which provides an optimal universal relationship.
Figs. 2 and 3 compare the electron and hole effective
mobility models with Takagi’s experimental data for dif-
ferent substrate doping concentrations. The agreement
is good over the whole range of effective-fields and sub-
strate dopings. By accounting for the screened Coulomb
scattering, the present model nicely predicts the roll-off
of effective mobility in the low field region for a wide
range of doping concentrations. Figs. 4 and 5 represent
the universal curves of electron and hole effective mobil-
ities, respectively, for temperatures ranging from 242 to
447 K for electrons, and from 223 to 443 K for holes. A
good agreement has been found even below room tem-
perature, notwithstanding the lack of model calibration
in this region.
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Figure 3. Hole mobility curves in MOSFET inversion

layers for various impurity concentrations. Experi-
ments are from [5]. The effective electric field has
been computed with n = 0.3.
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Figure 4. Universal electron mobility curves in MOSFET
inversion layers for different lattice temperatures.
Experiments are from [5]. The effective normal field
is computed with n = 0.5.

V. EXPERIMENTAL RESULTS

A. Ertraction of the Hall factor

The Hall measurement system described in section IIT
can be configured to measure both the MOSFET resis-
tance I, and the Hall coefficient Ry. Hence, Hall mobil-
ity and Hall inversion-layer charge can be inferred. Their
expressions are worked out as follows. The Hall coeffi-
clent Ry is given by

Vi ay

B = Bl = Ve

(8)

where ay is the Hall factor, and Njy, is the carrier den-
sity per unit area.
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Figure 5. Universal hole mobility curves in MOSFET

inversion layers for different lattice temperatures.
Experiments are from [5]. The effective normal field
is computed with n = 0.3.
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Figure 6. Hall charge density (elecirons) per unit area
Ninw/an vs gate voltage at temperatures ranging
from 300 to 675 K (NMOS device). Symbols rep-
resent 1/gRy values. The dashed line shows the
charge density from eq. (12).

The sheet resistance Ry is defined as

w 1

R
Ro =Ry = = ="

qplNine  aap’

(%)

The Hall mobility is given by the following expression

R

MH = GHp = o (10)
and the Hall inversion-layer charge ;g reads
Qi qNip 1
QtH = am - ay - RH i (11)

Both the Hall mobility and the Hall inversion-layer
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Figure 7. Hall charge density (holes) per unit area
Niny/an vs gate voltage at temperatures ranging
from 300 to 675 K (PMOS device). Symbols rep-
resent 1/gRpy values. The dashed line shows the
charge density from eq. (12).

charge can thus be computed from geometrical and mea-
sured quantities. The extraction of the conductivity mo-
bility and of the real inversion-layer charge requires the
Hall factor to be known against doping and tempera-
ture, but literature data are controversial for bulk silicon
{4}, 8], and largely missing for inversion layers. Other-
wise, an independent determination of the inversion-layer
charge is needed. MOSFET simulations indicate that,
for a given gate voltage, the inversion-layer charge is re-
markably independent of lattice temperature. Thus, the
following expression

1
N, = Eco:r(VGS ~Vry, (12)

which holds for a MOSFET biased in strong inversion,
can be used. The Hall factor ay is thus determined as
the ratio between the slope of (12) given by C,./q and
the slope of the regression lines extracted from the ex-
perimental data for each set of measurements at every
teraperature. This gives ag = N;/N;p as a function of
temperature.

The experimental Hall charge concentrations are re-
ported in Figs. 6 and 7 for the NMOS and PMOS de-
vices, respectively, and compared with eq. (12) (dotted
line). The extracted Hall factors are reported in Fig. 8 as
a function of temaperature for all measured devices. It can
be seen that the Hall factor for holes exhibits a stronger
temperature dependence than the Hall factor for elec-
trons, which is nearly uniform vs temperature and equal
to about 0.85. Starting from a simplified semiconductor
model, with single-valley conduction and valence bands
having spherical isoenergetic surfaces, the analytical cal-
culation of the Hall factor gives ag = 3w/8 =~ 1.18 for
both electrons and holes [6]. A more accurate theory ac-
counting for the multi valley conduction band of silicon
and the degeneracy of the valence band is reported in
e.g [7. For bulk silicon it turns out that ag, >~ 1.02
and agp, =~ 1.57. Thus, the discrepancy with our data
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is especially striking for holes, the Hall factor of which
ranges between 0.7 and 0.5 as temperature varies from
300 to 675 K.

Simulations of the Hall effect in MOSFET inversion lay-
ers were carried out by Jungemann et al. {9]. Their model
accounts for a 2-D electron gas and accounts for the most
important physical effects occurring in silicon inversion
layers, including multisubband carrier transport, surface-
phonons and surface-roughness scattering. They find a
weak dependence of the Hall factor upon the effective
normal field from 200 to 500 K and values slightly larger
than one for most impurity concentrations. No simula-
tion for holes was carried out by the above authors.
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Figure 8. Hall factor vs temperature for both electrons
and holes. Continuous lines show the quadratic-
regression fitting on the extracted data.

B. Effective mobility results
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Figure 9. Effective electron mobility vs gate voltage
at different temperatures (NMOS device). Sym-

bols show the Hall measurement results. Contin-
uous lines show the model results.

A number of simulations were carried out to vali-
date the surface mobility model on the new experiments.
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First, the model described in the previous section was
implemented in the DESSIS'® code. Process and device
simulation were then used to generate the structure of
the measured devices and compute their electrical char-
acteristics. So doing, realistic doping profiles were taken
into account in the validation procedure. The mobility
data were extracted from the MOSFET turn-on char-
acteristics at low Vpg after integration of the channel
charge.

The simulated electron and hole effective mobilities (solid
lines) are compared in Figs. 9 and 10 with our experimen-
tal data. The agreement is good over the explored range
of effective normal fields and temperatures. For com-
parison, Takagi’s data [5], which extend deeper into the
low-field region but only cover a temperature range below
447 and 393 K for electrons and holes, respectively, are
reported in the same figures. The agreement between the
simulated effective mobilities and the experimental data
indicates that the local mobility model implemented in
the DESSIS® code can be reliably used in numerical de-
vice simulation over an extended temperature range.

VI. CONCLUSIONS

In this work n- and p-type long-channel MOSFETs
were fabricated in order to investigate the inversion-layer
electron and hole mobilities at large lattice temperatures.
The experimental study was based on Hall measurements
up to 400°C. A new measurement setup for device char-
acterization has been designed, installed and automated,
and a large number of measurements covering the tem-
perature range between 300 and 675 K have been carried
out.

A TCAD-oriented carrier mobility model in silicon in-
version layers is presented which is especially suitable
for implementation in device simulators. The effects of
transverse electric field, temperature, and impurity con-
centration are fully accounted for. Starting from bulk
moebility, the surface mobility model has been worked
out by adding the carrier-screening, surface-phonons and
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surface-roughness contributions. The model has been
tested by a number of simulations of long-channel MOS-
FETSs and turns out to hold in a wide temperature range
between 300 and 675 K. We hope that such a model will
help improve our understanding of second breakdown and
current filamentation, which occurs in silicon devices un-
der extreme bias conditions.

Furthermore, an unprecedented experimental determi-
nation of the Hall factor in MOSFET inversion layers
against temperature and doping density has been car-
ried out. The Hall factor turns out to be consistently
smaller than 1 and exhibits a negligible temperature de-
pendence for elecirons, while it decreases with tempera-
ture for holes with no saturation effect up to 700 K.
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