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Impact ionization rates of semiconductors in an electric field: The effect
of collisional broadening
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A gauge invariant quantum kinetic equation which includes impact ionization, intracollisional field
effect, and collisional broadening is derived in the frame of nonequilibrium Green’s functions. We
obtain analytical expressions for the impact ionization rate. For the wide band gap material ZnS, a
substantial increase of the rate due to collisional broadening is obtained for moderate field strengths
E<500kV/cm. © 2001 American Institute of Physic§DOI: 10.1063/1.1381554

I. INTRODUCTION tent results for the spectral function can only be obtained

from a solution of the two-time Kadanoff-Baym

The study of electron transport in wide band gap Semi-equation§0,21,16,19,22which can be used as the starting point
conductors at high electric fields is of great theoretical an

o 1 i . ; X 9o construct proper broadened spectral functiguisich turn
practical interest.Of particular relevance is the impact ion- i 1o pe of essentially non-Lorentzian form, see lat€his

ization rate—electron interband transitions caused by COUras peen successfully demonstrated for electron-phonon
lomb collisions, since this is the dominant transport proces§catterin§3'24 and electron—electron scatterfig® in bulk
in the high field domain. semiconductors.

The impact ionization rate was calculated by Keldysh In the present article, we apply this idea to the compu-

who performed an expansion of the energy around the i0Nyion of improved impact ionization rates which include col-
ization threshold using parabolic bands at zero electric fielgigional broadening via non-Lorentzian electron spectral
including Coulomb interaction in a momentum-independenty,nctions. As expected, the energy broadening leads to a
approximation assuming constant matrix elements. Previougyyering of the ionization threshold which turns out to be
Ca":llJZ'at'O”S _folg Si- and GaA3_s, ZnS>70 SrS,; GaN,™™  gjgnificant for field-free systems and for not too strong static
InN,™ and SiC,” again neglecting the field influence during ie|4s. For fields in the MV/cm range, the enhancement of

the collision, have shown that the entire band structure in thg,o (ates due to the field becomes the dominant process.
Brillouin zone has to be considered when numerically evalu-  The outline of this article is as follows. In Sec. II. we

ating the corresponding matrix element including direct, &Xpresent a gauge-invariant derivation of the quantum kinetic

change, and umklapp processes. Pronounced contributiog ation for semiconductors in an external time-dependent

arise from higher conduction bands, especially in wide bandgctrical field which selfconsistently includes impact ioniza-

gap materials I|I1<4e ZnS, GaN, O_r SrS. ) tion, the intracollisional field effect and collisional broaden-
Quadeet al:™ used a density matrix method to study 4 The derivation essentially follows recent wofi® and

electron transport with a finite electric field included in the gytangs it to include collisional broadening and an arbitrary
collision process and a parabolic band approximation. They,nq strycture (p). In Sec. Iil, we consider the special case

presented an analytical result for the field-dependent impagyt 5 homogeneous field and calculate the impact ionization

ionization rate which shows a lowering of the ionization rate with collisional broadening included. Essentially analyti-

threshold compared to the zero field case. Comparing thesgy| regyits can be given within the parabolic band approxi-

results with those using realistic band structures but neglect; ation which straightforwardly extend previous restfts

ing the field, a field-dependent fit formula for the impact \ymerical results for the impact ionization rate are presented

ionization ratg was proposed recgﬁ'ﬁy- o . inSec. IV for ZnS. We propose a fit formula which takes into
In the articles mentioned earlier, collisional broadening, o ynt the actual band structure, the intracollisional field

has been neglected. The broadening of one-particle energigfect, and collisional broadening. Conclusions are given in
&(p) due to two-particle collisions, see, e.g., Refs. 16 and 17g4. v/

leads to an increase of the number of energetic electrons

which should influence the rate of interband transitions. This

has b.een §hown for Bi soIviqg the Barker_—Ferry Kinetic || GAUGE-INVARIANT DERIVATION OF THE

equation with a spectral function of Lorentzian shape. How-QUANTUM KINETIC EQUATION

ever, simple approximations such as the replacement of sharp

electron spectral functions by broadened ones with a phe- The transport properties of quantum systems can be de-
nomenological widthy of, e.g., Lorentzian shapej(% w scribed using the method of nonequilibrium Green’s func-
—&)—2yl[(ho—¢)?+ %], have been found to be inad- tions. The nonequilibrium state is given by the two-time cor-
equate, as they violate energy conservatfoRully consis-  relation function§®*"2°3°

1
0a (L1)= = (a(L)dg(1):; )
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1 t=(t;+t;,)/2, and use 4(k,t)=—iAg; (k,7=0t). The re-
< N a7 1 1 a a
Ga (L,Y) == (¢a(1) (1)), sulting equation has to be transformed to momentum space

. L for which it is advantageous to use the gauge-invariant Fou-
— ot -
where 1=(rq,t;);¢' () are creation(annihilation opera fier transform’27

tors, anda labels the particle or quasiparticle species. The

two-time functionsg= are generalizations of the one-particle ga(k, 7 t):f d3r exr{ “ir
distribution function(density matrix f, which follows from am

the time-diagonal element of g=, fu(ry,ri,t)

k+ — u
C Ji-1s2r T

da fH IIZTd A(u)
t

= —iﬁgj(l,l’)|tl=ti. In addition, the behavior a§= away Xga(r,7t), (4)
from the time-diagonal characterizes the dynamic propertieind a straightforward F:aI(Z:éJlation yields the gauge-invariant
such as the lifetiméwidth) of single-particle states. quantum kinetic equatidfr

A. Kinetic equation fa(ka,t)

J +q,E(t J
at qa ( )aka
The time evolution of the correlation functions in the

t
presence of a homogeneous electrical field is given by the =2 Ref dt'[g; (Ky, 7, TS5 (Ky,—71,Ty)
Kadanoff—-Baym equatioA%>! to

Sa(l)gf(lil/):f dlu[gs(l,l”)gf(l”,l’) Oa (K1, 71, T)25 (K, — 71, T1) ], (5)
with
+33(1,1)95(1",1)], @ Ua Ga [t AU
sa(DGRALY) = 5(1-1") fa=kat ?A(t)_?Jtrrd”t—t"; e
t+t” ©
*f 1731192 4(1"1), (3) ==

to be supplemented by the adjoint equations, see, e.g., Ref.

22. HeregR and g” are the retarded and advanced Green'sThe lower integration limitt, is the initial time where the
functions which are related to the correlation functions bysystem is assumed to be uncorrelated.
gE’A(l,l')zie[t(tl—ti)][gg(l,l’)—g§(1,1’)]. In Egs. In the collision integraldright-hand side(rhs)] of Eq.

(2) and (3), s denotes the Schdinger operator,s,(1) (5), we will use selfenergies in direct second order Born
=i (alaty) —e4(py) —SHF(1), where plz(ﬁ/i)vrl approximation, for which the gauge-invariant resuff is

—(ga/c)A(rq,t4), &5 is the single-particle dispersion and . ) dk;dkgpdky )
SHF the Hartree—Fock mean fiel® > are the correlation Ea(ka-Tvt):('ﬁ)z% f (2mh)° Van(ka—ka)
parts of the selfenergy and¥A(1,1)=+0O[*(t;—t})]

X[22(1,1)—-25(1,1)]. The electrical field is represented X (2mh)38(Ka+kp—ka—Kp)

by the vector potentiah which is related to the field strength 2= (k.G (Km0 g (Ky = 7.1)
by A=—cf' dtE(t), whereas the scalar potential is zero 9a (K, 7,180 (%5, 7:1)Gp (Ko, = 71,
(vector potential gauge (7)

Our goal is a quantum kinetic equation for the Wignerwhere V,(k,) is the Fourier transform of the statically
function f,(k,t), which follows from the difference of the screened Coulomb potential, abdn the sum runs over all
time-diagonal Eq.(2) for g5 and its adjoint. To this end, speciegbands or subbanyithat interact with the chosen one
we introduce center of mass and relative space and tim@). Inserting Eq(7) into Eq.(5) we obtain the explicit quan-
variables, r=r;—rqy; R=(ri+ry)I2;  7m=t;—ty; tum kinetic equation

d d ) t dk dkidkp Do L
E+an(t)a_l(Zifa(ka't):2ﬁ Re% todt fW5(k1+kb—ka—kb)Vab(kl—ka)[ga(kl,Tl,Tl)

Xg;(ka,— TlaTl)gb>(kk’)1_ TlaTl)gb<(kbrTlaTl)_g;(kllele)gg(kaa_ 71,T1)

ng<(kk,)!_Tlle)gE(kb!Tlle)]' (8)
|
B. Generalized Kadanoff-Baym ansatz. Collisional correlation functiongg= also in terms off and the electric
broadening field. This can be done only approximately. For nonequilib-

rium systems, the appropriate choice has been found to be
In order obtain a closed equation for the Wigner functionthe generalized Kadanoff—-Baym ansathe gauge invariant
f,, we have to express on the right-hand side of @jythe  version of which is given bY/?’
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ga(kavTT) Aa(Kqa, 7, Ty ( a(|T|,T),T——

ga(karTT) Aa(Kqa,7,T)

L
(10)

where the spectral functiond is defined by .4,(1,1)
=in[gR(1,1)—ga(1,2)], and

T+ur
ka(7,T)=k +%J duf du’E(u’).
—-1/2 T-1/27

The spectral function follows from the solution of E)
which, however, again contains the two-time functigTs
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conduction band

valence bands

FIG. 1. Schematic impact ionization process for electrons.

=0 which is in contrast to the zero slope found in full two-
time calculation$?2*%52%see Fig. 2 later. Haugt al?® pro-

on the rhs. The simplest approximation is to neglect the rhgposed a simple nonexponential approximation which over-
i.e., to use the uncorrelated spectral function but still retaircomes this problem and which was successfully applied to

the full field in Eq.(3):1"%’

1 T+1/27
Ak, 7,T)= exp{ f dUSa(k—%A(U)

it J1-1/2r

fT+ 1/27'
1/27

Jall )) . (11)

semiconductors with electron-phorféid* and electron—
electron scattering>?® We will use this approximation to
incorporate damping and collisional broadening effects in the
spectral function(11):

Aa(kaTyT)z

Ak, 7,T). (12)

cosho(wqT)

From comparison with full two-time calculations it is known This approximation has a zero sloperat 0, shows the cor-
that, in fact, exact inclusion of the field in the free propaga-rect exponential decay at largg, and an improved energy
tors is crucial* and, if correlations are not strong, an ap- conservation behaviér?® The two parameters;, and g
proximate treatment of the latter is possible. Since we arare fit parameters. For electron—electron scattering, the natu-
interested in high-field transport in weakly correlated semi+al decay time of the spectral function is the inverse plasma

conductors, this treatment should be applicable.

frequency, suggesting to US&® w,= wp1. This leaves open

The effect of correlations among the carriers is to intro-a single parameter. To obtain accurate resultsifpwe have
duce a damping of the spectral function away from the timegerformed solutions of the two-time Kadanoff-Baym Egs.
diagonal, i.e., with increasinfy. The simplest approxima- (2) and(3) for a field-free systema, is fixed by the best fit

tion is to replaceA™®

— A™eexp(—1/7). In frequency space, of approximation(12) to the decay of the numerically ob-

this exponential damping yields a Lorentz line, but it wastained spectral function, see later.

found to decay too slowly fofw|— leading to a strong

violation of total energy conservatidt?® Moreover, in this

Introducing this result for the damped spectral functions
into Eq. (8), we obtain the gauge invariant quantum kinetic

case no equilibrium solution of the kinetic equation isequation including the intracollisional field effect and colli-

reached. The reason is the finite slope of exge]) at 7

dk,dkydk,

d d
5+an<t)ﬁ—dfa<ka.t) Ef fwe—lvw

sional broadening

1

Ka)|?8(ka+ kn—ka—kp) costt o wo(t—t')]

xcoi{ f" dt’Q(t") }{fa(k +Ak,,t") fp(ky+Aky,t )[1_fa(k_a+Aka’t/)]
0

X[1—fo(ky+Akp .t
X f(kp+ AKp,t')},

where the frequencieQ ,;, are given by
Qap(t") = 2a(Kat AKq) +p(Kp+ Akp) — &4(Ka T Aky)
—ep(kptAky). (14)

The field leads to a drift of the band energigsas well as to

1= 1= fa(Kat Aka t)I[ 1= fo(kp+ Akp,t') ] fa(kat Ak, t')

(13

a shift of the arguments of the populatiofg (intracolli-
sional field effect The corresponding momentum shifts are
given by mzqa[A(t)—A(t—t”)]/c and Ak,=q,[A(t)
—A(t")]/c, which are just the momentum gain of partiele
in the electric field during the time intervat—t",t] and
[t’,t], respectively.
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I1l. SEMICONDUCTOR IN A HOMOGENEOUS A. Impact ionization rate

ELECTRIC FIELD The electron—electron collision integral is studied in

more detail. We are especially interested in the inelastic pro-
After having derived a gauge invariant quantum kineticCeSS of impact ionization which has a strong influence on the

equation we will now treat electron transport in semiconduc: electron distribution function at high electric field strengths:

A conduction band electron impact ionizes a valence band
tors at high electric field strengths. We consider a constant
electron, i.e., #2—1+2, see Fig. 1.

homogeneous external electrical fidtg which yieldsA(t) The respective field-dependent collision integtﬁ@

=—CcEgt. For the momentum shifts followsAk,  with broadening effects follows immediately from Ed.3)
= —(QaEot” andAk,=—qg.Eq(t—t"). and is given by

ii 2 —k.—k.
Jee(ka,Eo,t) ﬁzf j (2 ﬁ |V(k a)| 5(ka+kb ka kb) Coshlao[wo(t_tl)]

xeos{ f““dt"mv’)}<fa[ka<t—t'>,t']fb[kb<t—t’>.t']{1—fa[fa(t—w,t']}{l—fb[fb(t—w,t']}
0

{1l ka(t—t),t' THL— o[ Kp(t—t"),t T a[ka(t—t"),t I [kp(t—t"),t']), (15

where hQ(t) =g ka(t)]+e,[ky(t)]—& C[E(t)] and deﬁnea=mclmv and u=(1+2a)/(1+ ). _We use a
—SC[E('[)] andk,(t) =k, eEOt The momentunkb runs  Debye-like statically screened Coulomb potential with an in-

over the valence bands akg, k, andk, over the conduc- verse screening length _an(_j oyerlap integralf c; and Fe,
: . relevant for the impact ionization procé$s
tion bands, respectively.

Supposing that the semiconductor is not highly excited,
the conduction bands are almost empty so that {J,,) CEFFd 1
~1 applies. Simultaneously, the valence bands are almost V@)= eggVy [Q[F+HN"
filled and we havef ,,~1. Then, the inscattering terfsec-
‘?”d term in the square br_aclfets.m EdS) Wh'Ch IS Propor- yneree ande( are the relative and absolute permittivity, and
tional to the product of distribution functions of conduction V, is the crystal volume.
band eIectrqns can bg neglected compared with thg outscat= Following the evaluation of Quadst al.** an essentially
tering ter_m(flrst term in the balance for the population of analytical expression for the field-dependent impact ioniza-
states with mome_ntl_Jm_(a. Furthermore,_ we perform the i, " 1ate for an electron having a kinetic enerdsy
long-time Markov limit, i.e., we také’ —t in the arguments —|k,|2/2m, can be derived a
of the momenta andy,— —. The collision integral for a ¢
field-dependent impact ionization can then be represented as

(18)

; } r"(Ex_,Eo)
JedKa Eo, 1) =1"(ka,Eq)fa(ka,t), (16) !
where the impact ionization rate is given by 1 wdE 1 \/ Ex, \/P(Eka,E) .
; dk, dkbdkb . " nlJo 7 |2] VPEE) Ey,
r (kayEO) hZJ f (2 ﬁ (ka_ka)|
g 1 1, BEn—EB,*tE
— J— J— — + e —
X 8(Ky+ Ky — Ky — Kp) o Xm0 3% S
y 1 J’t—t’ d Q" 1 Hao g -1
cosfe[wo(t—tH] % Jo (t)]. E“ cos ZTFTX (19
17
Ewn=uEy is the threshold energy for impact ionization. Fur-
B. Parabolic band approximation: Analytical results ther definitions are

We first evaluate Eq(17) for a direct semiconductor
with a fundamental gap enerdy, and spherical parabolic P(E E)= 3[(Ex—Ey +E)*+4E,E,_
bands with effective masses, for the valence andn, for
the conduction band. We follow the notation given in Ref. 14 —(E\—EtB),
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A2NZ } (14 a)(eEl)2]Y3 12
E)\:ﬁ, Er=phop, of= ﬂ} ,
C

8Aam,

(20

1 Ji+2a eZFCUFCC\/ﬁ) 2

T - (1+a)?| 2meegh’?
The special case of a free spectral function follows trivi-

ally by settingay=0, and we immediately recover previous
results for the field-dependent impact ionization réte.

IAl

IV. NUMERICAL RESULTS

We perform numerical calculations for the impact ion-
ization rate, Eqs(19) and(23), for the wide band gap semi-
conductor ZnS at room temperatufe=300K and also at
T=200K. Its effective masses ama.=0.456n, and m,
=0.178ng.

IAl

A. Computation of the broadened spectral function

For the evaluation of the field-dependent impact ioniza-
tion rate Eq.(19), the parameter, in the spectral function .
which describes the influence of collisional broadening in 0 20 40 60 80 100 120 140
this process has to be determined since the second parameter 7ifs]

is fixed byw0= Wpl - This broadening arises from all scatter- FIG. 2. Absolute value of the electron spectral function from solution of the

ing mechanisms in the system, i.e., electron-phononeid-free Kadanoff-Baym equations for the momentimO0 (upper fig)
electron-impurity, and elastic as well as inelastic electron-and k=2.254z (lower fig). Full line—two-time Kadanoff-Baym result,
electron scattering. Here we assume that elastic carrierdots—1/cosh approximation, dasfgesjfxponermairenmar) function.
carrier scattering is dominant, and neglect the other broadefensity and temperature are=10"*cm ® and T=300K. The obtained
. . . \aalue forag is 28, the plasma frequenay,=5.29x 10'%s 1.

ing mechanisms. Further, we assume that the external fiel

does not alter the broadening qualitatively. In fact, elastic

scattering rates in the presence of the field decrease witky| result for the decay of the spectral function. No matter
growing field strengt> and this assumption will not be cor- how the damping coefficient in the exponential is chosen, no
rect in strong fields. However, as our calculations will ShOW:agreement is possible. In particular, the decayrat0 is

broadening effects are of importance for the impact ionizamych too strong which translates into much too high values
tion rates only at weak fields—so this approximation is jus-of the Lorentzian spectral function at high frequencies. This

tified. ) ~ fitting procedure was repeated for several densitiesnd
Thus, we solve the field-free Kadanoff-Baym equationsiemperaturesT; in Fig. 3 n=10%cm 3 and T=300K, in

for an electron-hole plasma with statically screened elastigjg, 4 n=10%cm 3 and T=200K, and for Fig. 5 we have
Coulomb interaction, which yields an “exact” result for the ysedn=10""cm3 and T=300K resultingay=28, 14, and
spectral functiond,(k, 7,T), for numerical details see Refs. 2 regpectively.
22 and 25. Using then Eq12) as an approximation to the
numerical result, we varyag, until best agreement is
achieved. The result for the absolute value of the numeric
and fitted spectral functions is shown in Fig. 2 for an In Fig. 3, we illustrate the influence of collisional broad-
electron-hole plasma with a density= 10'°cm 2 and a tem-  ening on the impact ionization rate in ZnS according to Eq.
peratureT =300 K. To eliminate the oscillations of the spec- (19) within the parabolic band approximation. The intracol-
tral function (it oscillates as a function of the relative time lisional field effect alone(full lines with ay=0) yields a
with the renormalized single-particle eneygyt is conve- lowering of the threshold enerdyy, which is proportional to
nient to plot the absolute value of. As one can see the fit the applied field. The impact ionization rate is increased only
reproduces the numerical result both for small and large in a narrow energy region below 4.5 eV. Collision broaden-
rather well. Although there are small deviations in the centraing leads to similar trends, i.e., a further lowering of the
part of the curve, the 1/cosh function yields a good overalthreshold energy and an increased rate in a narrow energy
agreement which is achieved with a single fitting parameteregion above threshold. However, this effect is important for
ag. Further, we find that the same valug fits the spectral low fields whereas the ICFE dominates the behavior at high
function almost equally well in the whole range of electronfields.
momenta. This can be seen by comparing the upper and In Fig. 4, we show similar results for the impact ioniza-
lower figure parts which contain two limiting cases. tion rate as in Fig. 3 but for a lower temperature of 200 K.
Finally, we confirm in the upper figure that a Lorentzian There, fewer scattering events occur in the electron system
(exponentigl spectral function cannot reproduce the numeri-and the spectral function is narrower compared with the case

aFIS' Parabolic band approximation
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FIG. 3. Field dependent impact ion-
ization rate for ZnS within the para-
bolic band approximation. Compari-
son with the case where collisional
broadening effect is included. Density
of carriersn=10"%cm3, temperature
T=300K, and plasma frequenay,
=5.29x10%s7 %, With Eo
=0 MV/cm we have solid line fory,
=0 and triangles foray=28, for E,
=0.5MV/cm long dashed line fo,
=0 and empty cicles fowy= 28, with
Ey=1.0 MV/cm dotted line for aq
=0 and solid circles fory= 28, with
Ey=2.0 MV/cm dashed line forag
=0 and stars for,=28.

FIG. 4. Field dependent impact ion-
ization rate for ZnS within the para-
bolic band approximation. Heren
=10"%cm 3, T=200K andwy=5.29
x10%s L With E;=0 MV/icm we
have solid line forey=0 and triangles
for ag=14, for E;=0.5 MV/cm long
dashed line foray=0 and empty
circles for «ay=14, with E,
=1.0MV/cm dotted line foray=0
and solid circles foreg=14. The dia-
monds here are those points in Fig. 3
denoted with triangles.

FIG. 5. Field dependent impact ion-
ization rate for ZnS within the para-
bolic band approximation withn
=10"cm™3, T=300K, and o,
=16.75x 10?s 7L, With Eo
=0 MV/cm we have solid line foky,
=0 and triangles forapg=2, for Eg
=0.5 MV/cm long dashed line foe
=0 and empty circles forg=2.
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10° L FIG. 6. Field dependent impact ion-
ization rate for ZnS using the fit for-
mula Eq.(23). The parameters ane
- 8 =10%cm3, T=300K, wy=5.29
7 x10s7!, and a=5.073. With E,
10° L » i =0 MV/cm we have solid line fory,
oY =0 and triangles foray,=28, with
‘ /( E,=0.5MV/cm long dashed line for
- o// e =0 and empty cicles forro=28,
4 with Ey=1.0 MV/cm dotted line for
77 ao=0 and solid circles fory=28.

Rate [s ']

3.5 4 45 5 55
Energy [eV]

of 300 K and, thus, the influence of collisional broadening ony'i(E, ,Eo)
the rate is weaker. The curves in diamordgher tempera-

o] 2 o0 —_—
ture) and triangles show it clearly. _ i E i E 3, En—EBFE
: . : : = dE dx—cog 53X+ ———X
Varying the carrier density has little effect on the rate T« Jo t/ Jo 0w 3 Ef
which can be seen from Fig. 5 where we have taken 1
10"cm 2 instead of 16°cm 2 as in Fig. 3. The curve for X_l_ COSH(IO<22X)
low field strength(about one kV/cmneglecting broadening F wg ’
effect coincide essentially with the curve for zero field ne- (22
. " I . 1 1 €2F . (F e, M.\ 2
glecting collisional broadening in the cases of Fig. 3—-6, what ~ _ , 3/2( ce CU3/2 C)
means the broadening effect is crucial in describing transi- 7« 327°(1+2«) eeoht

tion between valence and conduction band. Performing the zero field limit, i.eEL—0, and neglecting

collisional broadening, i.e.¢p=0, we obtain the original
Keldysh result(21) with a=2. We propose a fit formula for
C. Realistic band structure the impact ionization rate that takes into account the influ-
We have shown in previous articfeg that the model of ~ence of an applied electric field during the collision, the ef-
two parabolic bands applied so far is not sufficient to defects of a broadgned spectral function, and a realistic band
scribe interband transitions, especially in wide band gap mastructure according to
terials like ZnS, GaN, or SrS. The numerical results for theiii( g, E )
field-independent impact ionization rate taking into account
realistic band structures can be parameterized in terms ofa . [~ E\o (= 1 1 . EnE+E
o[ ae E) [ kood s B EtE

generalized Keldysh formula according to 3x Er X
i Ex—Ewn|® 1 -1
reE,0)=C E , (21) x| costao| £9x (23
m E of

where the prefactoC, the threshold energ¥y,, and the
powera were given for a variety of semiconductor materials.
The parameters for ZnS are threshold enefgy=3.8¢eV,
and the actual band fit parametes=5.073 and C

Neglecting broadening effects, i.e., taking=0, we obtain
our previous resuft®

In Fig. 6, we compare the numerical results according to
- 0 \a : . Eq. (23) for ZnS which include now the field effect, colli-
=5.93516%eV"*. The influence of the band structure mani- jon broadening, and a realistic band structure as well. Col-
fests itself in valuesa>2, whereasa=2 in the original yisional broadening is important for lower field strengths,
Keldysh formula derived for parabolic bands and constanfyhereas the field effect is naturally dominating the behavior

matrix elements. _ . of the impact ionization rate at high field strengths above 0.5
In order to derive a general result for the impact ioniza-p;\//cm.

tion rate which takes into account a realistic band structure as

v.ve!llas the field .and broad.enlng eﬁects, we study varioug, ~oNCLUSIONS

limiting cases as in the previous arti¢feAssuming constant

matrix elements in Eq19) as Keldysh in his original article, We have derived a field-dependent impact ionization rate
i.e., replacing|g|2+ \?—2mE, /%2, the following expres- including the effects of collisional broadening, based on a
sion is obtained within the parabolic band approximation: gauge invariant quantum kinetic equation which was here
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