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Abstract- The lattice heat equation and the Schot-
tky contact model were implemented in a device simu-
lator to evaluate influences of self-heating on inversion
layer mobility pins and contact resistance R, in scaled-
down nMOSFETSs. It is shown that the self-heating

degrades uin, and reduces R, of source/drain silicide.

As ambient temperature T,ms increases, the degrada-
tion of piny, becomes more pronounced, because of the
different contribution of the temperature dependence
of the phonon scattering in the uin, model. Con-
versely, the reduction of R., by the self-heating be-
comes more pronounced as T,m,s decreases.

I. INTRODUCTION

Influences of self-heating and contact resistance on
electric characteristics could become pronounced as semi-
conductor devices are scaled down. The non-isothermal
effect on MOSFETs has been studied [1], and the ef-
fect of the contact resistance on silicided nMOSFETs has
been simulated by using a Schottky contact model [2].
However, electrical characteristics including both the self-
heating and the contact resistance have not been investi-
gated.

In this work, the lattice heat equation as well as the
Schottky contact model have been implemented in the
device simulator DIAMOND. It is demonstrated that the
self-heating has two different effects on nMOSFETs with
CoSis, silicided structure: one is increase of channel resis-
tance and another is reduction of contact resistance.

II. PHYSICAL MODELS

Fig. 1 shows the device structure used in the present
simulation. CoSis silicide is attached to source/drain n¥*
regions. The lattice heat equation was solved to obtain
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Figure 1: Schematic of simulated nMOSFET structure
with CoSiy silicide in source/drain regions.

the distribution of the lattice temperature:

0Ty, o :
CLw+V'SL—H, (1)
St = —kL VT, (2)

where Cp, is the heat capacitance [JK~lcm™3}, Ty the
lattice temperature, Sy the heat flux, H the Joule heat,
and k1 the thermal conductivity. Lattice-temperature-
dependence of k; for Si, Si03, CoSis, and W, compos-
ing the simulated nMOSFETs, was implemented to re-
produce measurements [3][4], as shown in Fig. 2. Lattice-
temperature-dependence of Cp was also modeled by using
measurements [3][4]. The distribution of T}, was fed back
to the intrinsic carrier concentration [5] and the mobility
[6][7]- It was also fed back to the Schottky contact model
[2] to introduce T, dependence of the contact resistance.

Fig. 3 shows the schematic band diagram at the
metal/semiconductor interface. Tunneling current den-
sity Jpr is calculated by the following equations [2]:
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Figure 2: Lattice temperature dependences of ther-
mal conductivities for materials composing the simulated
structure of nMOSFET. Symbols are measurement: Si [3],
Si0, [3], W [3], CoSi; [4]. Lines are present models.
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Figure 3: Schematic band diagram at the
metal/semiconductor interface showing treatment of
thermionic emission and tunneling.
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Figure 4: Influence of ambient temperature T,,,; on CoSi,
Schottky barrier diode under forward bias conditions.

where 2z is the distance from the interface, A*
[Acm™2K~2] the Richardson constant, T the electron tem-
perature assumed to be equal to Ty, kg Boltzmann’s con-
stant, £ the electron energy, A€ the energy difference in
the control volume specified by discretization grids, D
the tunneling probability (D = 1 for the thermionic emis-
sion), m* the effective mass, ¢ the elementary charge, ¢p
the barrier height, h the reduced Planck constant, F the
average electric field, ¥ the potential at each grid, g the
potential at the interface, £, the energy band gap of
the semiconductor, n the electron concentration, and n;
the intrinsic carrier concentration. Although fs and fas
are the Maxwell-Boltzmann distribution functions in the
semiconductor and in the metal, the degenerate effect is
incorporated by using (3). &sp and ;s are the Fermi
energy used in fpr and fs respectively. ¢p and A™ for
electrons, important parameters in the Schottky contact
model, are 0.64 eV and 67 Acm~2K~2, which were deter-
mined to reproduce measurements of the ambient temper-
ature Tymp dependence of the forward bias characteristics
for CoSiy Schottky barrier diodes [8], as shown in Fig. 4.

Fig. 5 shows impurity concentration dependence
of the contact resistance R.,. Since contacts of actual
nMOSFETs are usually attached to high impurity con-
centration regions, the bandgap narrowing effect [9] and
the Fermi-Dirac energy distribution should be incorpo-
rated into the Schottky contact model. The former has
the effect making R, lower and the latter makes it higher.
The influence of Tyms, also plotted in Fig. 5, shows that
R, is lower under higher T,p. In high impurity concen-
tration regions, discrepancy with measurements [10][11]
seems to become larger. R, might be underestimated in
such region. However, since the impurity concentration
around contacts is below 102% cm~3 in the present simu-
lations, we suppose that simulation results are adequate.
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Figure 5: Influences of BGN (bandgap narrowing), dif-
ference between FD (Fermi-Dirac) and MB (Maxwell-
Boltzmann) statistics, and the ambient temperature Tgmp
on CoSi, contact resistance.

III. SIMULATION OF NMOSFETS

Fig. 6 shows a lattice temperature distribution in
0.14 pym gate nMOSFET structure. The heat sink re-
gions are the top of source/drain electrodes and the bot-
tom of the substrate. The thickness of the substrate is 10
um. Fig. 7 shows transient characteristics of drain cur-
rent I4 versus drain voltage V. Solid lines show currents
calculated under non-isothermal condition, I,onis0, where
the lattice heat equation is solved, whereas broken lines
show currents under isothermal condition, I;s,. Under
the condition without Rc,, Ioniso becomes smaller than
I;s0 as Vg increases, because the channel resistance R, in-
creases by the self-heating, namely, the phonon scattering
probability in the inversion layer mobility pin, increases.
Moreover, Inoniso becomes smaller than I;,, as Tgpmp 1S
higher. This can be explained by the reduction rate of the
mobility. Fig. 8 shows the mobility ratio of ui,, under
the non-isothermal condition to p;s, under the isothermal
condition at the substrate surface. In the channel region,
the ratio is reduced as T,y is higher. This is due to the
different contribution of the temperature dependence of
the phonon scattering in the pin, model. Fig. 9 schemati-
cally shows the contribution of each scattering mechanism
In tiny. The range of the effective electric field where the
phonon scattering is dominant becomes wider as Tgmsp is
higher. Therefore, I5oniso becomes more sensitive to the
self-heating in Fig. 7.

On the other hand, the degradation of Inoniso by the
self-heating becomes smaller under the condition with R,
in Fig. 7. This is because the temperature dependence
of R., is opposite to that of the phonon scattering. Fig.
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Figure 6: Lattice temperature distribution in the nMOS-
FET structure with CoSi, silicide in source/drain re-

gions under the ambient temperature T,mp =300 K ,
Vo=Va=15V.

10 shows the channel length dependence of the current
ratio of L";mm- Influences of Tgme and Re, are clearly
observed. The ratio considering R, under Ty = 400K
is closer to unity, because the reduction of R, by the
self-heating compensates for the increase of the channel
resistance Rcy. Under Ty, = 300K, the current ratio
considering R., becomes slightly larger than unity in the
short channel region. This is because the heat in the chan-
nel propagates to the contacts more as the channel length
is smaller and the reduction of R., exceeds the increase

of Rep.

IV. CONCLUSION

The lattice heat equation as well as the Schottky con-
tact model have been implemented in the device simula-
tor. Using the simulator, it is shown that two effects of
the self-heating, the increase of R.s and the reduction of
R¢,, can be simulated quantitatively.
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