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Resume. - Nous avons developpe une simulation par la methode de Monte Carlo pour du 
siliciun et de I'AsGa en incluant une structure de bände realiste. Les  taux d'ioni- 
sation par impact et les vitesses de derive en regitie continu sous forts champs elec- 
triques  (>I00 kV/cm) ont Ste calcules ä diffSrentes temperatures. 

Abstract.   - We have performed a Monte Carlo  simulation for GaAs and Si with the 
realistic  band structure  included.     Steady  state  Impact  ionization  rates and drift 
velocities under high electric  fields  (>  100 kV/cm)  were calculated at  various 
temperatures. 
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1. Introduction.  -  Impact  ionization  is an essential mechanism in the operation of 

semiconductor devices such as avalanche  photo-diodes or transit  time devices.     The 

dependence of  impact   ionization on the  crystallographic orientation has attracted 

substantial   interest  because of  its relevance  to noise and other phenomena  in  these 

devices.     This dependence,  however,   is not  shown by any of  the  theories as given by 

Wolff  (1],  Shockley   [2],  and Baraff   [3],   since none of  them   include  a  realistic 

band structure. 

We have developed a complete  theory  for  impact  ionization and generally high 

field transport  in semiconductors by combining a Monte Carlo  simulation with  the 

realistic band structure calculated by  the empirical pseudopotential method.     We  do 

take  into account  scattering by all  possible phonon types,  the  change  in the density 

of  states high in the band,  the exact  velocity v ■ j- V.E(k)   (no effective mass 

approximation),  the collision   broadening of the electronic states, and the tempera- 

ture effect. 

Details of the model and the results for GaAs at 300 K can be found in two of 

our previous papers [A,5].    In the case of Si,  the first two conduction bands were 

included.     Besides the X-X scattering we also  include the X-L scattering in Si. 

In Section 2, we describe briefly our model and point out its differences from the 

commonly used model.     The effects of  the  inclusions of the second band and the 

transition from X-L in Si are discussed in Section 4. 

2. Theoretical Model.   - The model  for Monte Carlo  simulation has two main  ingredi- 

ents:  (i)  the band structure and (11)  the scattering rate.    We describe briefly in 

the  following the different  features  that  have been  included  in our model and  the 

advantages it has over other models. 
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2.1. Band Structure - Instead of using a parabolic band approximation, we incor- 

porated Into this Monte Carlo simulation a realistic band structure calculated by 

the empirical pseudopotential method [6] for both GaAs and Si.  The realistic band 

structure enables us to carry out the simulation up to very high electric fields 

without worrying about the breakdown of a constant mass approximation which is 

usually adopted. The first two conduction bands are included for Si.  Only the 

first conduction band is included for GaAs because the second band lies significant- 

ly higher up. 

2.2. Scattering Rate - 

(i) GaAs:  Polar optical scattering and equivalent and nonequlvalent inter- 

valley scattering were included in the model. We did not include impurity scatter- 

ing and acoustic phonon scattering whose effect are small compared to other scatter- 

ing mechanisms. The reader should refer to our previous paper for more details 

and numerical parameters [4]. 

(ii) Si: We followed closely the work by Canali et al.[7-9] In the case of 

Si.  For simplification, the intravalley acoustic phonon scattering was considered 

elastic, which is good for the high field region we were Interested in.  The non- 

paraboliclty factor was also Included [9].  For X-X coupling we considered several 

possible phonon types (3f and 3g).  The difference between f and g scattering was 

taken Into account in the simulation process. 

Besides the equivalent (X-X) intervalley scattering, we also included the 

nonequlvalent (X-L) intervalley scattering mechanism. The X-L coupling constants 

were assumed to be the same for all four possible phonons determined from the pho- 
o 

non spectrum [10] and were found to be 3.5x10 eV/cm by fitting the calculated 

results to the experimental results. 

The longitudinal and transverse effective masses of the L-valley were deter- 

mined from the pseudopotentlal band structure to be m, = 1.59 m and in = 0.121 m . 
I       o     t        o 

The L-valleys lie about 1 eV above the X-valleys.  The effect of the L-valleys Is 

Important only at high fields (> 100 kV/cm). 

(ill) Scattering rate at high energy:  The effective mass density of states 

with the nonparabolicity factor included was used in calculating the scattering 

rates.  It Is not appropriate to simply extend these scattering rates to higher 

energies because the effective mass approximation breaks down at higher energies 

and the density of states starts decreasing at some critical point.  The inter- 

valley scattering rate, which is proportional to the final density of states, 

should be modified at higher electron energies..  Therefore we have calculated the 

total density of states for one conduction band for GaAs and two conduction bands 

for Si.  The critical points beyond which the density of states decreases for 

GaAs and SI were found to be 1.8 eV and 2 eV respectively.  The density of states 

decreases almost quadrat leally above that. We therefore have assumed a quadratl- 

cal decrease of the scattering rates above the critical points. 
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(Iv)    Scattering probability  for  Impact   lonlzation:     Impact  lonization  can be 

treated as an additional scattering mechanism.     We assume  an  Isotropie  threshold 

energy  for both GaAs  (2.0 eV)  and Si  (1.8 eV)   [12).     The  formula  for the probability 

of   impact   lonization above  threshold can be  found   in a paper by Keldysh  [11). 

2.3.   Temperature Effect - We assumed that  the band structure is essentially 

unaltered with changes in temperature except  that  the band gap is modified.     We 

further assumed  that the threshold energy of  impact   lonization can be  scaled 

according to the  formula 

E  (T) 
ELh(T)    =    F(300K) 

g 
Eth(300K). 

The  formula  for  the temperature dependence of  the band gap E    can be  found   in   [19] 

both  for Si and GaAs. 

2.4.  Collision Broadening Effect - As  the scattering rate goes  up  to  I0,A per 

second,   the energy of the electron is uncertain within AE % fi/x according to uncer- 

tainty principle.   AE is about   100 meV  for  1/T higher  than  10'^.   In determining the 

final  state  after each scattering,  we considered  the  states within a range  AE of  the 

true   final  state  energy as possible candidates.   We  then chose randomly one of  those 

candidates as  the  final  state,  keeping the average  energy   loss  (gain)  constant.  The 

collision broadening effect  should be  taken into account automatically by  so doing. 

3.   Results 

3.1. GaAs:  Figure 1 shows the electron lonization rate a  at two temperatures. 

The result for 300 K was shown In a previous paper [4] and the shaded region is the 

range covered by available experimental results for 300 K. The experimental result 

for 77 K Is not available at this time.  The lower temperature of 77 K should 

result In a higher impact lonization rate as shown In the graph.  As we have dis- 

cussed in the previous paper, our calculations showed no orlentatlonal dependence 

for fields higher than 300 kV/cm. 

3.2. Si: We have calculated drift velocities in the <111> direction for high 

electric fields and compared them to the recent high field experimental results by 

Smith et al. (20].  As shown in Figure 2,  our calculated high field results are 

in good agreement with the experimental results.  In Figure 3 we show the calcula- 

ted results of the electron Impact lonization rate a at  two temperatures, 100 K and 

300 K.  For 300 K our results seem to agree better with Lee and Logan's results 

than with Overstraeten and De Han's results.  Again, like In GaAs, we did not find 

any orientational dependent lonization rate In SI.  As we mentioned In Section 2 of 

this paper, the first two conduction bands were Included in the model. We show an 

interesting but important result in Figure 4 which tells us the important role 

played by the second conduction band in the transport of electrons In Si.  We 

plotted on the graph both the second band effect and the average energy of electrons 

as a function of electric field.  From the pseudopotential band structure, the 
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minima of the second conduction band are located exactly at X.  They are about 0.1 

eV above the minima of the first conduction band.  The electrons can be scattered 

to the second band once their energies get above 0.1 eV. The correlation between 

the second band effect and average electron energy shows clearly In the graph.  The 

decrease of the effect of the second band after 100 kV/cm is probably because of 

the slower relative increase of the density of states of the second band compared 

to the first band. 

3.0 4.0 50 
l/EdO^cmxV-1) 

Fig.   1:  Results of calculated 
impact  lonlzatlon rate a for 
GaAs at two different  tempera- 
tures,  77 K and 300 K,  plotted 
as a  function of inverse 
electric field.    The shaded 
region is the range covered by 
available experimental results 
[15-18]. 

Erratum.- A aorveotion needs to be 
made to figure  (1),   the electron 
Ionisation rate VB.   1/E.  The curve 
for T = 77 K corresponds to the 
scale on the right hand side.  Inad- 
vertently the labels on the right 
hand side were omitted.  These were 
a factor of ten lower than those 
corresponding to the left hand side 
in order to avoid clutter in the 
diagram.  The text, conclusions, and 
other diagrams remain valid. 
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Fig.   2;  Calculated drift 
velocity of  Si  in <111> 
direction.    The  solid 
line and the dashed  line 
are the experimental 
results of Canali et  al. 
and Smith et al., 
respectively. 
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Flg.   3:   Calculated  Impact  lonlza- 
tlon  rate a at  two different 
temperatures in Si plotted as a 
function of Inverse electric field. 
For T -  300 K, we calculated the 
lonlzatlon rate a In three differ- 
ent crystallographlc directions. 
Only <100> directions were calcula- 
ted for 100 K.    The lines are the 
experimental results from different 
authors  [12-14]. 
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Fig. 4; We plotted the second band 
effect and the average energy of 
electrons as a function of electric 
field.  The left scale corresponds 
to the upper curve and the right 
scale corresponds to the lower 
curve. 

4. Discussion 

4.1. GaAs: The transport properties of GaAs were discussed in detail In our 

previous papers [4,5). From the present 77 K result for the Impact lonlzatlon rate 

a, we see again that no orlentatlonal dependence was found. From the drift velocity 

results [4], It appears that modification of the coupling constants Is needed for a 

realistic band structure. A better fit to the experimental data should result from 

the modification of the coupling constants. 

^  
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4.2.   SI:     As  can be  seen  from Fig.   4,   the   second  band  effect   is of   significance 

to  the  transport  of electrons  in Si.     Previous Honte  Carlo Calculations by  the 

Italian  group   [7-91  produced a drift  velocity consistently higher than  the experi- 

mental values.     We believe  the  reason  for this  lies  in the neglect of  the second 

band which enhances the scattering rate of  electrons  for energies above 0.1  eV.     The 

scattering percentage due to X-L scattering,  as  seen  from our simulation,   is signi- 

ficant only when the electric  field  is above  100 kV/cm.     The drift  velocity for 

electric  fields under 100 kV/cm  is basically not   influenced by adjusting the X-L 

coupling constant.    The  impact  ionization  rate  is very  sensitive to this coupling 

constant because X-L scattering  is  significant  when the electric  field  is above 

200 kV/cm.     For an assumed  Isotropie  threshold energy  in Si of  1.8 eV   [12],  a 
Q 

coupling  constant  of  3.5x10    eV/cm is obtained by  fitting the experimental  data 

at  333 kV/cm.     In a recent  paper by Thornber   [21]  a  threshold energy of  3.6 eV was 

obtained  from  fits  to the experimental  data.     (The  paper contains simplifying 

assumptions.)     We have tried  to adjust   the values of  the X-L coupling constant  and 

the  threshold energy of  ionization to  see  if  such a  high threshold  is possible. 

We  found  that  a threshold energy of  2.4 eV   is needed to fit  the experimental  data 

at   333 kV/cm  if we completely neglect  the X-L coupling effect.     A threshold of   3.6 

eV seems  therefore too high. 
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