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Abstract 

In this work, electron impact-ionization in silicon is investigated both theo- 
retically and experimentally in the temperature range between 25 and 400°C. 
A new compact model for the impact-ionization coefficient is proposed, which 
nicely fits the theoretical data from the Boltzmann solver HARM [l] and the 
available experimental data in the above temperature range. The new model 
has been validated by simulating the reverse characteristics of junctions diodes, 
and turns out to correctly predict the temperature dependence of breakdown 
volt age. 

1. Introduction 

Much work was devoted in the past to model and measure the impact-ionization co- 
efficients in silicon. The measurements were predominantly carried out at room and 
lower temperature, while experimental characterization at large operating tempera- 
ture are only a few and, to our knowledge, no measurements were carried out above 
160°C (e.g., [Z] and references therein). Aim of this work is to determine the tem- 
perature dependence of the ionization coefficients in an extended temperature range, 
which is becoming more and more important in association with studies on electro- 
static discharge (ESD). A novel compact model for both electron and hole ionization 
coefficients is worked out for temperatures ranging from 25 to 400°C. The new model, 
implemented within the device simulator DESSIS [3], has been validated by compar- 
ing simulation results with breakdown measurements on bipolar devices, and turned 
out to nicely predict the breakdown data over the above temperature range. 

2. Experimental 

A novel set up was specially designed at ETH for measuring semiconductor devices 
at temperatures up to 550°C. The high-temperature setup comprises a custom-built 
vacuum-tight tube oven, a motor-driven loading system, and a specially designed 
sample holder. The sample is contacted through a ceramic substrate used as an in- 
terconnect between spring-loaded pins and the micro-chip [4]. The setup proved to 
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be reliable for reproducible measurements and easy handling. 
Structures specially designed for the extraction of the ionization coefficients were 
fabricated at ST-Microelectronics in BCD3 (Bipolar-CMOS-DMOS) technology [5]. 
Among these structures, Static Induction Transistors (SIT) and VDMOS, which are 
suitable for the extraction of the ionization coefficients at relatively-low electric fields, 
and bipolar transistors, which are more suitable for the extraction of the coeffi- 
cients at -larger electric fields have been designed and manufactured. In Fig. 1 the 
experimentally-determined electron ionization coefficient is compared with some pub- 
lished data at room temperature. It is clear from the figure that a large spread of 
values exists in the literature. This is due to  the fact that the ionization coefficient 
strongly depends on the electric field, whose distribution along the current flow lines 
can hardly be known with high precision. In this work, the field distribution is deter- 
mined by process and device simulation. Also, the test structures have been carefully 
designed in order to ensure a one-dimensional electric field distribution in the device 
active region. So doing, the use of calibrated vertical impurity profiles ensures the 
required accuracy on the electric field. The data extracted from the test structures 
agree with those given by Lee and Sze [6], and by Takayanagi et al. [7] ,  for electric 
fields ranging from 130 to 170 kV/cm. Discrepancies exist instead in  the lower-field 
range. 

3. Results and discussion. 

High-temperature impact-ionization was first investigated by means of the Boltzmann 
solver HARM [l], which provides the energy distribution function of the carriers 
within the silicon material in a wide range of temperatures and fields. By implement- 
ing within the Boltzmann solver the most important scattering mechanisms which af- 
fect the carrier-distribution function, namely impact-ionization, acoustic and optical 
phonon scattering and impurity scattering, the solver provides an accurate prediction 
of the impact-ionization coefficients within the explored temperatures. The results of 
the Boltzmann solver are approximated by an empirical function suitable for imple- 
mentation within device simulators, and the related parameters are extracted. The 
impact-ionization analytical model reads 

where F is the electric field along the current flow lines. The same expression holds 
for both electrons and holes. The parameters in (1) depend on temperature as follows: 

a(T) = a0 + alTaz 

b(T) = bo exp(b1T) 

c(T) = CO + C p  + c3T2 

d(T) do + d l T + d 2 T 2  
(3) 

The parameters for both electrons and holes are given in Table 1. 
The analytical model nicely fits the predictions of the numerical model inherent in 
HARM for electric fields ranging from 50 kV/cm to 500 kV/cm. It also provides a 
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Parameters 
a0 
a1 

Electrons Holes 
4.3383 2.376 

-2.42 x lo-’’ 0.01033 

Table 1: Model parameters. 

a2 
hn 

good agreement with the impact-ionization coefficient extracted from experimental 
data in the electric-field range from 130 to 230 kV/cm. The new model is compared in 
Fig. 2 with the experimental data for temperatures up to 4OO0C, and a generally-good 
agreement is obtained. The temperature-dependence of the existing impact-ionization 
models implemented in commercially-available device simulators is derived from the 
theory by Crowell and Sze [8], which is known to provide an incorrect temperature 
behavior of the breakdown voltage in p-n junctions. The electric-field dependence of 
the new compact model for electrons is compared in Fig. 3 with Chynoweth’s model 
[9] with temperature-dependent parameters, according to the theory developed by 
Crowell and Sze. In the above figure, the continuous and dashed lines represent the 
Chynoweth model with room-temperature parameters values from Van Overstraeten 
[2], while symbols represent the new model. One can observe that the theory by 
Crowell and Sze predicts a much stronger temperature dependence for Q, than the 
new model we propose. Similar results hold for holes. The model was implemented 
within the DESSIS code, and validated via simulation of suitable test-structures. As 
an example, the breakdown voltage of a p+/n-well diode is reported in Fig. 4 as a 
function of temperature. In the same figure, simulation results using the new impact- 
ionization model are compared with Van Overstraeten and Lackner [lo] models. I t  can 
be seen that the weaker temperature dependence of the impact-ionization coefficient 
allows us to nicely fit the experimental data. 
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Fig. 1: Electron ionization coefficient 
' vs. inverse electric field at different 

temperatures: comparison with litera- 
ture data. 
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Fig. 3: Electron ionization coefficient 
calculated with the present model and 
Chynoweth's (dashed lines). 
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Fig. 2: Electron. ionization coefficient: 
experimental data (symbols) compared 
with the new impact-ionization model 
(continuous lines). 
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Fig. 4: Breakdown voltage of 
Pplus/nwell diode vs. temperature: 
comparison between experimental data 
and simulation results. 
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