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The ef fect iveness of two recent ly  proposed repeated overshoot 
st ructures is invest igated using Monte Carlo s imulat ion.  Results 
are presented showing e lect ron ve l oc i t y ,  energy and va l ley  occupancy 
as a funct ion of  bias condi t ions.  High local peak ve l oc i t i e s  some- 
times are observed, but fo r  a given mean f i e l d  across a un i t  ce l l  
the average ve l oc i t i e s  are always r e l a t i v e l y  low; less than or at 
best equal to the steady state ve loc i t y  in bulk GaAs wi th  the same 
average f i e l d s .  The reasons fo r  th is  are explained in terms of 
the d i f f us ion  process. 

I .  In t roduct ion 

A repeated overshoot s t ruc tu re  is a mu l t i -  
layer device wi th  a doping p r o f i l e  arranged to 
provide a s p a t i a l l y  modulated f i e l d  p r o f i l e .  
Typical doping, e l e c t r i c  f i e l d  and potent ia l  
p ro f i l e s  are shown in Figure I .  The p r i nc ip l e  
of operat ion re l i es  on per iod ic  acce lerat ion 
in short  high f i e l d  regions to produce per iod ic  
ve loc i t y  overshoot, resu l t ing  in a high mean 
ve loc i t y .  The basic concept was proposed by 
Cooper et a l .  [ I ] ,  who suggested the s t ruc ture  
1 of  Table I .  Golio et  a l .  recent ly  proposed 
s t ruc ture  2 of  Table 1 as a possible improve- 
ment. Structure 2 is designed to increase mean 
ve loc i t y  by reversing electrons wi th negative 
v e l o c i t i e s ,  ra ther  than simply acce lerat ing 
e lectrons wi th  pos i t i ve  ve l oc i t i e s  [2 ] .  

The purpose of the present paper is to 
ca lcu la te  the cha rac te r i s t i cs  of  these two 
s t ruc tures ,  using a de ta i led  model of  e lect ron 
t ranspor t ,  fo r  GaAs devices operat ing at 300°K. 
The primary quant i t y  of  i n te res t  is the mean 
e lect ron ve loc i t y  in each s t ruc ture  as a 
funct ion of  mean e l e c t r i c  f i e l d .  The mean 
f i e l d  is determined by the external bias vol tage.  

2. The Model 

The underly ing treatment of e lect ron 
t ranspor t  is the Monte Carlo s imulat ion model 
developed by Fawcett [3 ] .  Features of  the 
spec i f i c  implementation have been described 
elsewhere [4 ] .  This e lect ron t ranspor t  kernel 
is used in conjunct ion wi th a prescribed 

e l e c t r i c  f i e l d  as a funct ion of  d istance.  The 
f i e l d  is ca lcu lated w i th in  a s ing le  ce l l  fo r  a 
given s t ruc ture  and bias cond i t ion ,  assuming 
neg l i g i b l e  per turbat ion due to space charge. 
A s ing le e lect ron is simulated in th i s  f i e l d .  
Per iodic boundary condi t ions are adopted, i . e . ,  
on crossing e i the r  boundary the e lect ron is 
re in jec ted at the other boundary wi th  the same 
ve loc i t y .  This ' pe r i od i c '  boundary condi t ion 
corresponds to the l i m i t  tha t  the number of ce l l s  
tends to i n f i n i t y ,  and neglects i n j ec t i ng  and 
co l l ec t i ng  contacts.  Informat ion from several 
thousand ce l l  t r ans i t s  is averaged to y i e l d  
estimates of e lect ron ve l oc i t y ,  va l ley  occupancy 
and energy as a funct ion of  pos i t ion  w i th in  the 
c e l l .  

3. Overall Results 

The overa l l  resu l ts  of the comparison 
between the two structures is shown in Figure 2. 
This shows the mean e lect ron ve loc i t y  in each 
s t ruc ture  as a funct ion of  the mean e l e c t r i c  
f i e l d .  The ' s t a t i c '  v e l o c i t y - f i e l d  curve fo r  
undoped GaAs is also shown. Structure 1 has low 
f i e l d  ve l oc i t i e s  much lower than the ' s t a t i c '  
resu l ts .  Structure 2 represents an improvement 
over Structure I .  However i t s  v e l o c i t y - f i e l d  
cha rac te r i s t i c  is at  best equal to the s t a t i c  
case. The obvious conclusion to be drawn from 
these resu l ts  is that  the repeated ve loc i t y  
overshoot concept does not appear promising as 
a means of obta in ing high mean ve l oc i t i e s  in 
semiconductor devices. 
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Detailed results for the two structures 
must be examined to establish why the concept 
is less successful than predicted by idealized 
theories. Information available for each 
structure and bias point is (as a function of 
posit ion) f i e l d ,  potent ia l ,  mean energy of 
central val ley electrons, central val ley 
electron population f ract ion,  f ract ion of 
central val ley electrons with posit ive veloc i ty  
and, mean electron veloc i ty .  Space l imi ta t ions 
preclude a comprehensive presentation of the 
detailed results,  but some key features w i l l  
be presented for each structure. 

4. Detailed Results 
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Figure 1 
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Typical doping e lec t r ic  f i e ld  and 
potential p ro f i le .  

A complete set of results for structure 2 
at a mean bias f i e ld  of 2300 V/cm is shown in 
Figure 3. I t  is clear that the increase in 
central val ley energy across the f ie ld  step 
(Figure 3(c)) is much less than the 0.048 V 
potential across the high f i e ld  region (Figure 
3(a)). This fa i lu re  of the high f i e ld  region 
to produce a corresponding increase in central 
val ley energy helps explain why there is hardly 
any veloc i ty  overshoot. The fa i lu re  is not 
associated with in terva l ley  transfer since, as 
shown in Figure 3(d), there is almost no transfer 
under these conditions. The answer therefore 
must l i e  with what happens to the central val ley 
electrons crossing the high f ie ld  region. 

Some electrons w i l l  enter the high f ie ld  
region with posit ive ve loc i ty ,  be accelerated 
across the region without scattering, and gain 
the ent ire 0.048 vo l t  energy step. Other 
electrons w i l l  enter with posit ive veloc i ty  but 
w i l l  scatter wi th in the high f ie ld  region. These 
electrons may lose energy d i rec t l y  (e.g. as a 
resul t  of ine last ic  polar optical phonon 
scattering) or ind i rec t l y ,  due to deceleration 
by the f ie ld  fol lowing a momentum randomizing 
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Comparison of structure l ,  structure 2 and uniform material. 
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Figure 3a E lec t r i c  f i e l d  p r o f i l e  fo r  s t ruc ture  
2 (2300 vo l t /cm average f i e l d )  
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c o l l i s i o n  to a negative ve loc i t y .  A th i rd  
type of e lect ron w i l l  enter the high f i e l d  
region wi th negative ve loc i t y .  Figure 3(e) shows 
that  at  a l l  points in the ce l l  between 20 per- 
cent and 40 percent of  the electrons have 
negative v e l o c i t i e s ,  so th is  t h i r d  class of 
e lectrons is s i g n i f i c a n t .  Such electrons w i l l  
lose energy un t i l  t h e i r  ve loc i t y  becomes 
pos i t i ve ,  as a resu l t  of  being turned around by 
the f i e l d ,  as a resu l t  of a scat te r ing  event, 
or un t i l  they t r a n s i t  the en t i re  layer .  Simple 
repeated overshoot theory considers only the 
f i r s t  class of  e lec t rons.  ' N e a r - b a l l i s t i c '  
theory makes some attempt to include the second 
class,  but genera l ly  f a i l s  to account fo r  energy 
loss fo l low ing  e l as t i c  c o l l i s i o n s  to negative 

v e l o c i t i e s .  The resu l ts  of th i s  study ind icate  
that  departures from average behavior ( resu l t i ng  
in ,  among other th ings,  s i g n i f i c a n t  numbers of  
e lectrons wi th negative ve loc i t y )  are of  f i r s t  
order importance and must be included in device 
models. In the context of  the scat te r ing  
process t ranspor t  models used in th is  work, 
these ef fects  w i l l  be re fer red to as ' d i f f u s i o n -  
l i k e ' .  

S imi la r  resu l ts  are obtained at higher bias 
f i e l d s ,  wi th the exception that  i n t e r v a l l e y  
t rans fe r  e f fec ts  have become important .  Figure 
4 shows the central  va l ley  populat ion f rac t i on  
for  a mean bias f i e l d  of  4000 V/cm, very close 
to the maximum ve loc i t y  fo r  the s t ruc ture .  
S ign i f i can t  i n t e r v a l l e y  t rans fe r  is occurr ing,  
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Figure 4a E lec t r i c  f i e l d  p r o f i l e  fo r  s t ruc ture  
2 (4000 vo l t /cm average f i e l d )  
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4d Central va l ley  e lect ron f rac t i on  
p r o f i l e  

4e Pos i t ive  ve loc i t y  f rac t i on  p r o f i l e  

4f Veloc i ty  

but the populat ion f r ac t i on  is almost constant,  
ind ica t ing  that  the ce l l  length is short wi th 
respect to distances t r ave l l ed  between i n t e r -  
va l ley  sca t te r ing  events. Idea l ized models 
should not assume that  most s a t e l l i t e  va l ley  
electrons return to the centra l  va l ley  before 
encountering the next high f i e l d  region. 

Structure 1 provides a la rger  acce lerat ing 
potent ia l  across the high f i e l d  at  mean f i e l d s  
below 4000 V/cm, however the low f i e l d  region 
must be pos i t i ve  to compensate th is  vo l tage,  
resu l t ing  in a re tard ing  f i e l d .  A complete 
set of  de ta i led  resu l ts  fo r  a mean f i e l d  of  
2500 V/cm is shown in Figure 5. The acceler -  
a t ing potent ia l  does resu l t  in an increase 
in e lect ron energy (Figure 5 (c ) ) ,  and causes a 

local velocity overshoot (Figure 5(f)), but 
the mean velocity is low because of the exten- 
sive region of low local electron velocity. At 
higher mean fields the same type of behavior is 
observed except that intervalley transfer effects 
become more significant, the peak velocities 
reduce and the minimum velocities increase. For 
mean fields up to about 4000 V/cm this increases 
the mean velocity, but at higher fields 
increasing transfer to the satel l i te valley 
causes the velocity to degrade. 

5. Discussion 

The computed resu l ts  are only surpr is ing  
when viewed from a b a l l i s t i c  or n e a r - b a l l i s t i c  
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Figure 5a E lec t r i c  f i e l d  p r o f i l e  fo r  s turc ture  
1 (2500 vol t /cm average f i e l d )  
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perspect ive.  They are qu i te  consistent  wi th the 
requirements of current  con t inu i t y  and a d r i f t -  
d i f f us ion  perspect ive.  Current con t inu i t y  
requires tha t  the product of  the e lect ron 
concentrat ion and the mean net e lect ron ve loc i t y  
be constant in a one dimensional s t ruc ture  under 
dc condi t ions.  The net c a r r i e r  ve loc i t y  may be 
thought of  as the a lgebra ic  sum of a ' d r i f t '  
ve loc i t y  represent ing 'mean' behavior and a 
' d i f f u s i o n '  ve loc i t y  represent ing the e f fec t  
of  the d i s t r i b u t i o n  of behaviors around the 
mean. Simple b a l l i s t i c  models pred ic t  regions 
of l o c a l l y  higher ve loc i t y  and e lect ron energy 
due to local  steps in the e l e c t r i c  f i e l d .  The 
present resu l ts  show that  these local peaks are 
reduced and spread out by the d i f f u s i o n - l i k e  

nature of  the e lect ron t ranspor t .  The d r i f t -  
d i f f us ion  model shows that  steep gradients are 
d i f f i c u l t  to obta in in mater ia ls  wi th  high 
d i f f us ion  coe f f i c i en t s .  Sharp peaks in energy 
or ve loc i t y  are d i f f i c u l t  to obta in fo r  the 
same reason. 

Although the resu l ts  presented s t rong ly  
suggest that  the repeated overshoot concept is 
unpromising, they are not whol ly conclusive. 
Other s t ructures may be super ior  to the two 
inves t iga ted;  in p a r t i c u l a r  s t ructures wi th a 
few ce l l s  may have proper t ies  super ior  to the 
i n f i n i t e  ce l l  l i m i t .  Inves t iga t io~  of such 
st ructures would requ i re  de ta i led  considerat ion 
of Debye t a i l i n g  at the i n j ec t i ng  and c o l l e c t -  
ing contacts in homojunction devices, and the 
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series resistance of heterojunction launchers 
and col lectors in heterojunction devices. 
Addit ional problems which have not been 
considered in th is paper are charge ins tab i l -  
i t i e s ,  these can be investigated using a sel f -  
consistent p a r t i c l e - f i e l d  simulation, and the 
l imi ted bias conditions for which devices 
incorporating repeated overshoot cel ls  would 
operate correct ly .  

6. Conclusions 

Two repeated overshoot structures have been 
investigated theore t ica l l y  using Monte Carlo 
simulation. Neither structure represents an 
improvement over bulk GaAs, and the prospects 
for the underlying concept are judged unprom- 
ising. The main problem appears to be that 
departures from mean behavior (d i f fus ion - l i ke  
effects) counteract e f for ts  to e x p l i c i t  assumed 
mean behavior. Similar d i f f us ion - l i ke  effects 
may impair the performance capab i l i t ies  of other 
b a l l i s t i c  and overshoot devices. 
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