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Monte Carlo computer simulations are carried out to study impact ionization due to a sinusoidal
field present in high-power laser pulses. As an application we study the impact ionization
coefficient,a, for electrons in silicon as a function of the field frequency, pulse width, and the rms
value of the field. In all cases we stay below the frequency values where band-to-band absorption
would create electron-hole pairs. As is the case for congtinfields, loga is found to be linear

with field strength. For fields oscillating at frequencies much below the inverse of the carrier
scattering rate, the impact ionization coefficient is found to have the same value as in the constant
field case with the rms field replacing the dc value. At higher frequencies the impact ionization rate
decreases. The dependencexain field frequency and pulse width is studied. 1®96 American
Institute of Physicg.S0003-695(96)00814-3

Impact ionization related breakdown of semiconductors
plays a very important role in microelectronics. This phe-  E(1+aE)=#2
nomenon limits the high-power performance of transistors
since at high applied biases, the current in the device inBoth X and L valleys are included in the simulations. The
creases uncontrollably due to carrier multiplication. Thisdominant scattering mechanisms are ghandf-optical pho-
phenomenon is also exploited for the design of avalanchaon scatteringemission and absorptiprand acoustic scat-
photodetectors to provide high gain. Knowledge of the im-tering.
pact ionization coefficient is, therefore, of great importance.  To study the problem of breakdown in a laser field, we
The experimental measurement of the impact ionization couse two models for the impact ionization rate in silicon. The
efficient is rather difficult due to the difficulty of maintaining first model is a “super-soft” model from Thomat al.’
uniform fields and avoiding current instabilities. As a result,where the rate goes as the cube BHE,) near threshold
there is considerable uncertainty in the impact ionization co¥ather than the square. The impact ionization rate is given by
efficients (« for electrons,8 for holeg even in widely used
semiconductors such as Si, GaAs, and InP. One techniqL%mPaCI
that has recently been successfully applied to this problem is E 3 E
the use of short-pulse, high-power lasers to create impact 0.875x 1013<—— 1.128) s ! 1.128<—<1.750
ionization~3In these pump-pulse experiments a high-power _ ev ) ev
short-pulse laser with photon energies smaller than the band | . 1013(5_ 1572) sl 1.750<E.
gap impinges upon the sample. Impact ionization results in eV eV
plasma formation which is detected by a low-power probe 2
beam. As Iong as the p.hoton energy Is smaller_than the b?nfjhe second model is a Keldysh-like formula which was de-
gap, the dominant carrier generation process is through im- : o

N . : rived by Cartieret al. by fitting Monte Carlo results to ex-

pact ionization. The use of short-pulse width, h'gh'pow_erperimental dat&.The impact ionization rate is given by
laser pulses to create impact ionization can also be exploited
for many interesting devices. In order to exploit the potential 3  [E=EW\2
of this technique, it is important to develop an understanding Rimpactzz 0(E— EE,!))P(')< E(i)th ) ,
of how short-laser pulses cause breakdown in semiconduc- =1 th
tors. I.n this !etter, we carry out a Monte Carlo study_of |m where E{)=1.2, 1.8, and 3.45 eVP()=6.25<10, 3.0
pact ionization caused by a high-frequency electric fieldx 10'2 and 6.8<10" s !, for i=1, 2, and 3, respectively,
(present in a laser pulsé silicon. The study examines the and ¢ is the step function.
dependence of impact ionization coefficient for electrons on  The models gave the same form of results for the impact
the frequency, field strength, and the duration of the opticajonization coefficient both as a function of field strength and
pulse. field frequency. Thus the general results are independent of

The code used for the Monte Carlo based computethe particular model used for impact ionization rate. We
simulation is based on a code previously used to study theompared the impact ionization coefficient for a dc field with
response of electrons to a dc electric fiéld.has been ex- experimental data. Cartier's model gives good agreement
tended to include sinusoidal fields. To describe the bandvith experimental results. Thoma's model, on the other
structure of electrons we use a nonparabolic ellipsoidal conhand, has been known to yield values that are too high, and,
duction band: indeed, that is what we have found.
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FIG. 1. Field strength dependence of the impact ionization parameter for 10 0 ) . . . . . ) , )
ps pulse with a constant and several sinusoidal fields. In the ac cases, the 0 02 04 06 08 1 12 14 16 1.8 2
given field values are rms. Time (ps)

To extend the study to include the response of the elec';LGe' r?ﬁ SA;;“:I??SE:'&C\;;g;e?ﬁ;gi'r:;uae;‘igcitg&gffme for a sinusoidal field.

trons to short-pulse, high-power lasers, we use the following

equation to represent the intercollisional free flight energy from the field and reach a steady-state value within

i one picosecond. In the case depicted in Fig. 2, the average
dt =0E, sin(wt). ) energy under steady-state conditions is 0.82 eV with scatter-
ing. If the scattering is turned off in the simulation, the av-
erage energy is only 0.11 eV consistent with the value given
by Eqg. (6). It may be pointed out that if a high density

qEo plasma is produced by the laser pulse, carrier—carrier scat-
p(t+At) —p(t)= ———{codwt) —cofw(t+AD]}, (5  tering would also be important randomizing the energy of the
electron gas. As a result the initial oscillations shown in Fig.
whatt is the time before the free flight ardd is the length of o may not be present.
the free flight. The results of Fig. 2 can be used to understand the de-
In Fig. 1 we show the impact ionization coefficient cal- pendence ok on frequency and field. At very high frequen-
culated using the Cartier model for a 10 ps pulse with dif-cjes, the electron can follow the field for several cycles with-
ferent frequencies. The dc results show good agreement wity ¢ scattering so that the average energy of the electrons is
experiment. The Thoma model is not included in the plotsmgajier than the value where the electron suffers several
since the form of the results is the same while the actuakcattering events within each cycle. Also, as the field is in-
values are too high. We note that once the frequency reach@geased, the overall scattering rate increases mainly because
a low value(5x 102 s™%), the impact ionization coefficient of higher density of states for higher energy electrons. Thus
approaches the dc value. Note that in Fig. 1, the field valueg frequency that is high enough to avoid scattering in a given
for the ac case are the rms values. As the frequency ingycle at low fields may not be high enough at high fields. As
creases, the value af in the ac case becomes smaller thang resylt, as the field is increased, the difference between the
that of the dc case. We also note that the discrepancy beg and dox values becomes smaller.
tween the ac and the devalues grows at lower fields. We have also studied the effect of field frequency on
To understand the dependencenadn frequency and the  jmpact ionization, with results for both the Cartier model and
rms field, it is important to understand the role scatteringthe Thoma model given in Fig. 3. Both of the models give
plays in the impact ionization process. As can be seen fronhe same form for the results, but the Thoma model yields
Egs. (2) and (3), for impact ionization to occur, the initial pigher values than the Cartier model. At dc, experimental
electron’s energy must exceed the threshold energy. In akagyits agree with the Cartier model. In $iCt has been
sence of scattering, in an ac field the electron energy oscikpund experimentally that the impact ionization coefficient

Equation(3) is then integrated to give the change in momen-
tum during the free flight

lates and the mean energy is simply given by produced by a dc field is approximately equal to that pro-
eZES duced with a laser pulse of the same strength, so long as the
(E)= T (6) rms value is used. We have found this to be true in silicon
for field frequencies below 18 Hz. In this range the field
wherem* is the mass along the polarization direction. frequency is much lower than the typical scattering rate, so

In the presence of scattering, the electron does not folthis result seems reasonable. In thé*16 5x 10'* Hz range,
low the fieldand can gain energies much larger than that the impact ionization coefficient and the average energy de-
given by the equation abov&o illustrate this, in Fig. 2 we crease dramatically. This is the range where the field fre-
show the average energy of an ensemble of electrons as gmency is comparable to the typical scattering rate. Above
optical pulse impinges on the semiconductor. For the params x 10* the field frequency is much greater than the scatter-
eters shown in Fig. 2 we see that the electrons start to gaimg rate, the average energy levels off at a low value, and no
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‘o7 where 7 is the collision time. There is some ambiguity in

~ E since collision time is a dependent on field strength. We used
5 10f B — —— — —O— g_ 1 the collision time at the ac breakdown field, as calculated by
z : ] Monte Carlo. We found that the ac breakdown field as cal-
% 10° ] culated by Eq.(6) does not agree with breakdown field as
8 : determined by the ac Monte Carlo. Thus for silicon the rela-
S .t —&-— Cartier model \ ] tion given by Eq.(6) does not appear to hold and cannot be
5 B —© Thoma model used to infer the dc breakdown from the ac breakdown.
2 \ In summary, we have carried out Monte Carlo based
g 10 I simulations for impact ionization breakdown in silicon. The
= L f dependence of the breakdown frequency and field strength
e T Y Y have been explored. The overall form of the results doe not
frequency (Hz) depend on the particular model used for impact ionization
rate.

FIG. 3. Frequency dependence of the impact ionization parameter for a 10
ps pulse with an rms field strength of 3 MV/cm.
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