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Abstract—A commercial technology computer-aided design de-
vice simulator was extended to allow electrical simulations of
sub-100-nm germanium PMOSFETS. Parameters for generation/
recombination mechanisms (Shockley—Read-Hall, trap-assisted
tunneling, and band-to-band tunneling) and mobility models (im-
purity scattering and mobility reduction at high lateral and
transversal field) are provided. The simulations were found to cor-
respond well with the experimental -V data on our Ge transis-
tors at gate lengths down to 70 nm and various bias conditions. The
effect of changes in halo dose and extension energies is discussed,
illustrating that the set of models presented in this paper can prove
useful to optimize and predict the performance of new Ge-based
devices.

Index Terms—Germanium, modeling, MOSFET, technology
computer-aided design (TCAD) simulations.

I. INTRODUCTION

S SCALING of CMOS becomes increasingly more diffi-
cult, other materials have been considered to replace Si as
the channel material. Because of its high electron (3900 cm?/
V -s) and hole (1900 cm? /V -'s) mobilities, germanium has
been widely investigated in recent years [1], [2]. The progress
made in the electrical passivation of the interface between the
germanium channel and the gate dielectric has resulted in Ge
pMOS devices with gate lengths well below 100 nm [3], [4].
Technology computer-aided design (TCAD) software is widely
used to optimize and predict the electrical behavior of new de-
vices. Still, several physical models or their parameters, which
are indispensable for sub-100-nm MOSFET simulations in
germanium, are not generally available in commercial software
at this time.
Therefore, in this paper, we extend a commercial TCAD
device simulator (sdevice [5]) by adding a consistent parameter
set based on the experimental results from Ge devices. Com-
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Fig. 1. Flowchart illustrating the TCAD calibration strategy used in this
paper; the electrical models and the device structure are defined starting from
various measurement techniques.
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paring with electrical results from Ge p-channel field-effect
transistors (pFETs) with different gate lengths and implant
conditions allows the use of these models and their parameters
for reliable device simulations.

This paper is structured as follows. Section II outlines the
processing details of the Ge pMOS devices used in this paper.
Section III provides the physical models and details on how
their parameters are determined using experimental data on
junction leakage and high- and low-field mobilities. Finally, in
Section IV, the TCAD model proposed in Section III is com-
pared to experimental measurements in IMEC’s Ge pFETs. The
TCAD calibration strategy is shown schematically in Fig. 1.

II. EXPERIMENTAL SETUP

PMOS devices were fabricated using a Si-compatible process
flow on 200-mm (100)-oriented Si wafers with a relaxed epi-
taxial Ge layer supplied by ASM. The top Ge layer has a
thickness of 1.5 um and a threading dislocation density of 2 x
107 cm~2. The wafers received a phosphorus channel doping
up to a concentration of 3 x 1017 cm~2, followed by deposited
Si0s isolation. The gate stack consists of an ultrathin partially
oxidized Si layer [6], 4-nm HfOs, and a 10-nm-TiN/80-nm-TaN
metal gate. After this, arsenic halos are implanted at an energy
of 80 keV and different doses, followed by the extension (or
LDD) boron implant (2 or 2.4 keV; 8 x 10* c¢cm~2). This is
followed by the spacer definition and boron HDD implants. The
activation anneal is carried out in No atmosphere at 550 °C
for 5 min, resulting in negligible dopant diffusion under the
current conditions [1]. Finally, a NiGe contact is made to the
germanium by annealing 5 nm of deposited Ni in a two-step
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Fig. 2. (Empty symbols) Measured and (solid symbols) simulated leakage for
various p+/n junctions with different implant conditions in Ge, taking into
account the models for SRH, TAT, and BTBT. The lines plot the simulated
leakage for an ideal abrupt one-sided junction as a function of counterdoping.

rapid thermal processing flow [1]. The process is concluded by
TiN/Ti/AI/TiN back-end processing.

III. TCAD MODELS

In this section, we present the different physical models that
were used to simulate Ge PMOSFET devices. Since these may
be implemented in any device simulator, the actual implementa-
tion and model parameters (specific for Sentaurus sdevice) have
been moved to the Appendix. Some basic models (e.g., bandgap
and density of states) are not mentioned in this section; their
parameters were left unchanged from the defaults.

A. Generation—Recombination Mechanisms

The small bandgap of germanium (0.66 eV) is known to
result in higher junction leakage [7], [8] compared to that in
silicon devices. For this reason, an implementation of the vari-
ous recombination mechanisms is indispensable for simulations
of advanced Ge technologies.

1) SRH: The Shockley—Read—Hall (SRH) model describes
recombination through deep-level defects in the bandgap. Typi-
cally, a description is used in terms of minority carrier lifetimes
(7, and T7,,), dependent on the local defect concentration. The
parameters for this model were chosen to achieve a good
agreement with published measurements of the minority carrier
lifetime [9] and our own experimental leakage measurements
on p+/n junctions [8]. It should be noted that the lifetimes
reported in [9] are slightly higher than what would fit with our
experimental data. This may be due to the differences in sample
morphology and remaining defects. For the position of the trap
level in the bandgap, a midgap energy level is assumed (0.33 eV
for Ge), as in the Si case.

2) TAT: In large electric fields, the lifetime of the mi-
nority carriers is reduced through the mechanism of trap-
assisted tunneling (TAT). This is relevant when simulating the
abrupt junctions in scaled transistors. The model proposed by
Hurkx et al. [10] to describe TAT was included in our simu-
lations. Its description in terms of a reduced field-dependent
carrier lifetime in the presence of TAT [rrar = Tsru/(1 + T)]
has shown good agreement with leakage measurements on our
p+/n junctions [8].

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 10, OCTOBER 2010

UL I L B AR L B B 1L B B AL B AL

0
O<><><>(><> €¢e)

symbols -> experimental data -{
lines -> Masetti model fit

O Fistull et al.
< Golikova et al.
— — Masetti model (electrons)
Masetti model (holes)
— — Masetti model Si (electrons)
Masefti model Si (holeﬁ) I
L1l 1 Lol IR

1 1 L I\HI\Il L HIHl AN
10" 10" 10" 10" 10 10 10*

Impurity concentration (cm™3)

—
o
N
I

Mobility (cm?/Vs)

Fig. 3. Measured bulk mobility for electrons and holes in germanium from
literature and the fitted relationships with the Masetti model used in this paper
(Si relationship is also included).

3) BTBT: In even higher electric fields, the junction leak-
age is further increased through phonon-assisted band-to-band
tunneling (BTBT). The model proposed by Schenk ez al. [11]
provides a simplified formalism for the purpose of device
simulations: The generation/recombination rate is a function of
the ratio of the local electric field F' in the structure and a critical
electric field F¥ given by [5]

F* = B(Egeq £ hw)*/2.

C

This formula contains the bandgap of the material and a prefac-
tor B containing the effective mass for tunneling. For Ge, this
prefactor was scaled with respect to its Si default value, based
on the ratio of the effective masses in both materials.

4) Generation—Recombination—Experimental Procedure:
To check the applicability of the models discussed earlier in
simulations of scaled Ge pMOS devices, the junction leakage
was measured for various p+/n junctions. At the same time, the
dopant profiles were simulated based on the implant conditions
using a Monte Carlo implant simulator (calibrated for Ge—
taurusMC [12]). The dopant profile, as well as the total
impurity profiles, was then fed to the device simulator. This
approach allows simulating the leakage for these junctions,
taking implant tails and the local impurity concentration into
account. In this manner, pairs of measured and simulated
junction leakages are obtained (empty and solid symbols,
respectively) in Fig. 2, where the result of this calibration is
depicted graphically.

To illustrate the contribution of the different leakage mech-
anisms (SRH, TAT, and BTBT) as a function of active doping
concentration at the p+/n junction, ideal one-sided junctions
were simulated as well, activating the different leakage mech-
anisms progressively. This results in three lines in Fig. 2, each
considering the different leakage mechanisms. It can be seen
that the TAT mechanism should be included when dealing with
doping concentrations above 107 cm™3 and that the BTBT
mechanism is dominant for doping concentrations in excess of
2% 10'® cm~3. Both of them are typically present in sub-100-nm
Ge devices (in HDD and extension junctions, respectively).

B. Mobility

The second set of models is related to carrier mobility.
Germanium has a higher bulk hole mobility than silicon. This is
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Fig. 4. (Left) Measured average hole velocity in Ge PMOSFETS with Lg’s

ranging from 70 nm to 10 pm as a function of average lateral electric field in
the channel and theoretical fit for this relationship using the formula from [13]
(B = 1and p1ow = 1900 and 160 cm? /V - s). (Right) Extracted hole inversion
layer mobility as a function of transversal electric field at 77 K and 300 K
for Si and Ge, respectively, and the fits used in this paper using the enhanced
Lombardi model [14].

undoubtedly the main driver behind the renewed interest in Ge
as a channel material for high-performance logic applications.
However, when considering the carrier transport in a scaled Ge
MOSFET, this argument becomes inevitably more complex
because of the high transversal and lateral electric fields. In this
paragraph, we attempt to present a consistent set of models that
should allow performing TCAD simulations of sub-100-nm Ge
pMOS devices. Also, for this section, the model parameters are
included in the Appendix.

1) Phonon Scattering: The basic mobility model accounts
only for phonon scattering. Since the higher Ge bulk mobility
for both electrons (3900 versus 1400 cm? /V -s) and holes
(1900 versus 470 cm?/V - s) is already included in the default
parameter set, it is not discussed further here.

2) Impurity Scattering: In doped semiconductors, the scat-
tering of carriers by impurity ions results in a degradation
of carrier mobility. The model used here was proposed by
Masetti er al. [15] and is suited for indirect semiconductors.
In germanium, the doping-dependent mobility was measured
for electrons and holes by Fistul ef al. [16] and Golikova et al.
[17], respectively. The parameters of the Masetti model were
modified from the Si defaults to achieve an empirical fit with
their experimental Ge data, which is shown in Fig. 3. Notably,
as can also be seen in Fig. 3, the mobility of Ge remains higher
than that of Si, even at higher impurity concentrations.

3) Velocity Saturation: In high lateral electric fields, the
carrier drift velocity is not proportional anymore to the electric
field. Instead, the carrier velocity saturates at a material and
carrier-dependent speed vg,¢. Various sources state a numerical
value of gy around 6 x 108 cm/s for both electrons and holes
in Ge [18]-[20]. However, this is a bulk material property. The
average hole velocity in the inversion layer was extracted from
I-V measurements for our Ge PMOSFETS using the method
described in [21] (gate lengths ranging from 70 nm to 10 pum
and Vps = —20 mV to —1.2 V) and found to be in good
agreement with the expression from [13]
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Fig. 5. (Left) Measured interface trap density as a function of energy (ex-
tracted with the full-conductance method) for the Ge passivation recipe used in
this paper and (lines) the profile used for the simulations in this paper. (Right)
Simulated drain current as a function of Vi with and without interface traps,
showing improved short-channel control in the device without interface traps
(discussed in Section I'V-C).

where 110y 1S the low field mobility, E is the electric field, and
( is a fitting parameter. Good agreement was found for pijoy, =
160 cm?/V - s, assuming 3 = 1 as for holes in silicon.

4) Acoustic Phonon/Surface Roughness Scattering: In the
inversion layer of a MOSFET, the carriers are attracted to
the semiconductor—dielectric interface by the large transversal
(vertical) electric field. This extra scattering is dominated by
acoustic phonon scattering at medium electric fields and by sur-
face roughness scattering at high electric fields. Additionally,
the acoustic phonon scattering is very sensitive to temperature,
while the scattering due to surface roughness is temperature
independent [22].

For this reason, we have extracted the hole mobility at 77 K
and 300 K on our Ge pFETs and on Si reference devices
[23], respectively. Because of the temperature-dependent hole
mobility measurements, the two degradation mechanisms can
be separated. These were then described in terms of the en-
hanced Lombardi model that is available in sdevice and based
on [14]. The result of this exercise is given in Fig. 4(b). We
found that a satisfactory fit could be obtained in the presence
of a high transversal electric field by tuning the parameters of
the enhanced Lombardi model. Note that this model does not
include the Coulomb scattering component that is dominant at
low transversal electric field.

C. Interface Traps

The electrical passivation of the interface between the high-x
dielectric and the channel is a key challenge for Ge technology.
A high density of active interface traps will severely harm the
performance of any Ge MOSFET. Various attempts have been
made to find a process scheme that results in such a passivation,
and promising results have been obtained with (among others)
an ultrathin Si layer [6] and GeO,, [24], [25].

In this paper, we will focus on PMOSFETS with an ultrathin
Si passivation layer. For this processing scheme, the density
of interface traps as a function of energy in the bandgap
was extracted with the full-conductance method [26]. The
extracted profile of interface traps was included in our TCAD
simulations. Fig. 5(a) shows the measured data points for a
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Fig. 6. (Left) TEM image of the L = 70-nm Ge pMOS and the simulated
structure, showing dopant profiles and meshing. (Right) Measured (SIMS) and
simulated chemical concentration of B, P, and As in the HDD region of this
device.

deposited Si layer of 8 ML and the continuous profile used in
simulations.

IV. SIMULATION RESULTS

In this section, the models earlier will be used in electrical
simulations of our Ge pMOS devices. Three separate items will
be discussed. First, simulated drain, source, and bulk currents
as a function of Vi and Vp are compared with electrical
measurements on our Ge pMOS devices with gate lengths
(Lg’s) ranging from 70 nm to 1 pm. Second, the effect of
changes in halo and extension (LDD) energies on short-channel
effects and drain-to-bulk leakage is investigated. Finally, it is
shown that a PMOSFET without the modeled interface traps
has a steeper subthreshold slope.

Since such electrical simulations are quite sensitive to the
dopant profiles of the simulated device, these were simulated
with the calibrated Monte Carlo implant simulator mentioned
previously. The result of these implant simulations and numeri-
cal meshing is shown in Fig. 6(a), together with a transmission
electron microscopy (TEM) image of the 70-nm device. A 1-D
secondary ion mass spectrometry (SIMS) measurement of the
HDD region of the device shows the simulated and measured
chemical dopant concentrations for boron, the arsenic halo, and
the phosphorus well. The noise on the measured As profile is
quite large, which is due to mass interference during the SIMS
measurement. Note that ion channeling during the implant is
taken into account by the simulator and is quite pronounced for
the boron profile.

Based on [27], the B junctions are assumed not to diffuse
during rapid thermal anneal, and the maximum active B con-
centration for the extensions was set to 4 x 10% cm~3.

A. Ip—-Vg and Ip-Vp Simulations

The set of models discussed before can be used to perform
electrical simulations of our Ge pMOS devices. In Fig. 7(a),
(c), (e), and (f), the simulated currents are plotted together with
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currents as a function of V5 for Ge pMOS devices with L = 70 nm-1 pm at
Vps = —20and —1 V and as a function of Vp for devices with L = 70 and
100 nm for Vgg — Vpp =0to —1.2 V.

those measured on a representative device as a function of Vi
for Vpg = —20 mV and —1 V and L = 70, 100, 250, and
1000 nm, respectively. The simulated Ip—Vp current is shown
in Fig 7(b) and (d), together with the measured one for Vgos—Vr
ranging from 0 to —1.2 V for the two shortest devices. The sim-
ulated curves show a reasonable agreement with the measured
ones, e.g., for the 70-nm device at Vgs — Vp =Vp =—1V,a
drain current of 830 pA/um is observed (simulated: 860 uA/
pm), while a drain-induced barrier-lowering (DIBL) value of
140 mV/V is comparable to the simulated 130 mV/V. The
drain-to-bulk junction leakage is also reproduced (e.g., 2.24 x
1075 A/pum (measured) versus 2.79 x 1075 A/um (simulated)
for L = 70 nm).

The mobility models at high lateral and transversal electric
fields (Sections III-B-3 and III-B-4) are indispensable in ob-
taining a good agreement between the simulated and measured
drive currents and are observed to be sufficient for L down to
70 nm. For even smaller devices, the phenomenon of velocity
overshoot, which is predicted by Monte Carlo simulations
[28], might have to be included as well. In turn, the gener-
ation/recombination models from Section III-A are needed to
capture the high drain-to-bulk leakage and (to a certain extent)
gate-induced drain leakage.
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70 nm (graph) and (A and C) the effect process variations. The measured
(median) and simulated threshold voltage and drive current (Vp = —1 V) are
printed in the table.

B. Alternative Implant Conditions

Since TCAD software is often used to optimize and predict
the electrical effect of any change in the processing scheme, the
validity of such an extrapolation has to be closely monitored.
Here, an example case is presented, evaluating the effect of two
perturbations to our standard transistor flow: 1) increasing the
extension implant energy from 2 to 2.4 keV and 2) increasing
the implanted halo dose from 5 x 10'3 to 6.5 x 103 cm~2.

From the simulated, as well as from the measured, I-V
curves on such devices, Ion, V7, DIBL, and drain-to-bulk junc-
tion leakage were extracted. This comparison is shown in Fig. 8,
where these quantities are compared for our standard flow
(condition B) and for the perturbations (A and C). Comparing
the measured quantities with the simulated ones shows that the
electrical effect of these processing changes can be predicted
by the simulator. First, increasing the extension junction depth
results in reduced short-channel control (higher DIBL) and
lower drain-to-bulk leakage since that junction becomes less
abrupt (not shown). Second, increasing the halo dose results,
as expected, in improved short-channel control (lower DIBL),
higher drain-to-bulk leakage, and lower IpN.

C. Modeling of Interface Traps

In this third part, the effect of interface traps is illustrated.
In the previous simulations, the trap spectrum (Djr), mea-
sured with the full-conductance method, was included (see
Section III-C). Obviously, this spectrum is specific to the
passivation process available at this moment. This raises the
question what the characteristics would be of a hypothetical Ge
PMOSFET without interface traps. For this reason, the 100-nm
gate-length Ge pMOS was simulated also without these inter-
face traps, keeping all other models unchanged. As can be seen
in Fig. 5(b), the interface traps have a visible effect on the
transistor’s switching characteristics. Notably, removing them
reduces DIBL from 90 to 58 mV/V and the subthreshold slope
from 120 to 80 mV/dec. As such, further reducing the interface
trap density is necessary to obtain a better electrostatic gate
control. Additionally, the dependence of carrier mobility on
transversal electric field can be expected to be different. As
such, the drive current should increase as the interface quality
improves.

TABLE 1
SRH RECOMBINATION (Sharfetter)
parameter  units Si (e,h) Ge (e,h)
talmin, s 0,0 0,0
Uz s 1x107°,3x107%  4x107°, 4x107°
Nyes em™? 109, 10'° 104, 101
vy - 1,1 0.85, 0.85
To - -1.5, -1.5 -1.5, -1.5
Teoef s - 2.55,2.55 2.55,2.55
Eirap eV 0.0, 0.0 0.0, 0.0
TABLE 1II
TAT (HurckxTrapAssistedTunneling)
parameter units Si (e,h) Ge (e,h)
my - 05,05 0.12,034
TABLE III
BTBT (Band2BandTunneling)
parameter units Si Ge
A cm s 1 V2 8.977x10%°  8977x10%°
B eV32 v em ! 2147x107 1.6x107
TABLE 1V
PHONON SCATTERING (ConstantMobility)
parameter units Si (e,h) Ge (e,h)
Imaz em?V—1is™l 1417, 4705 3900, 1900
exponent - 25,22 25,22

V. SUMMARY AND CONCLUSION

In summary, a commercial TCAD device simulator has
been extended by adding a consistent parameter set, which is
applicable to Ge PMOSFET device simulations. The model
parameters for generation/recombination mechanisms (SRH,
TAT, and BTBT) and mobility models (impurity scattering
and mobility reduction at high lateral and transversal fields)
have been adapted based on available experimental data. The
electrical simulations of Ge pMOS devices using these models
and parameters have been found to be in good agreement with
the measured I-V curves for our devices for various bias con-
ditions and gate lengths ranging from 70 nm to 1 pm. Finally,
the effect of changes in halo dose and extension energies has
been simulated and shown to be in good agreement with the
experimental results. The set of models presented in this paper
can prove useful to optimize and predict the performance of
new Ge-based devices.

APPENDIX
SIMULATION PARAMETERS

This Appendix contains the model parameters used in this
paper. Each time, both the name of the physical phenomenon
and the name of the parameter set are given (e.g., SRH recom-
bination is modeled using the Scharfetter data set in sdevice)
together with the default silicon values. If different values apply
for electrons and holes, both values are given in this order,
separated by a comma.

A) Recombination: See Tables I-II1.

B) Mobility: See Tables IV-VII.
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TABLE V
IMPURITY SCATTERING (DopingDependence)
param. units Si (e,h) Ge (e,h)
Wmin1  cm>/Vs 52.2, 449 60, 60
Lminz  cm/Vs 52.2, 0.0 0,0
m cm?/Vs 43.4,29 20, 40
P, cm ™3 0, 9.23x 10 10%7, 9.23x 1016
C, em™  9.68x10'%, 2.23x10*7  8x10%*, 2x10'7
Cs em™®  3.34x10%, 6.10x10%°  3.43x10%°, 10%°
a - 0.68, 0.719 0.55, 0.55
Jéj = 2.0, 2.0 2.0, 2.0
TABLE VI
HIGH LATERAL FIELD MOBILITY (HighFieldDependence)
param. units Si (e,h) Ge (e,h)
Veato  cmfs  1.07x107 , 837x10° 6x10% , 6x10°
TABLE VII
HIGH TRANSVERSAL FIELD MOBILITY [EnormalDependence (Holes Only)]
param. units Si Ge
B cm/s 9.925x10° 1.993x10°
C em®?V =231 2947%10° 4.875x10°
No cm 3 1 1
A - 0.0317 0.0317
k - 1 1
5 em?/Vs 2.0546x 10 1.705x 10!
A - 2 1.5
al cm® 0 0
Ny cm? 1 1
v - 1 1
n VZem it 2.0546x10%°  2.0546x10%°
lerit cm 1076 1076
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