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Ab initio impact ionization rate in GaAs, GaN, and ZnS
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We have performed extensiab initio band structure calculations within density functional theory using an
exact exchange formalism with a local density approximation for correlations. The wave-vector-dependent
impact ionization rate is determined for GaAs, GaN, and ZnS. A strong asymmetry of the microscopic scat-
tering rate as well as a pronounced influence of the band structure is found. We present also energy-averaged
impact ionization rates which can be used in ensemble Monte Carlo simulations of high-field electron transport
in these materials.
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I. INTRODUCTION Il. BAND STRUCTURE

High-field transport in semiconductors has long been a ) _ o
concern in relation to the performance of semiconductor The electron structure calculations using DFT within the
electronic and optoelectronic devicesA high-field process EXX-LDA were performed as outlined in Refs. 11 and 12.
of particular interest in semiconductors is the impact ioniza-The local Kohn-Sham exchange potentigl is treated ex-
tion rate associated with electron-hole pair excitation due tactly, while the correlation contributions are considered
energetic hot carriers in the conduction or valence bandswithin the LDA Perdew-Zunger parametrizati&hAll calcu-
Measurements of the ionization coefficient, however, giveations use consistent norm-conserving Troullier-Martins-
only information on the field-dependent microscopic scattertype EXX-LDA pseudopotential8 in the Kleinman-
ing rate averaged with the actual nonequilibrium distributionBylander form® and were carried out at the experimental
function® Recently, the dynamics of carrier multiplication lattice constants. The energy cutoffs are 23 Ry for GaAs,
due to impact ionization has been studied experimentally o40 Ry for GaN, and 60 Ry for ZnS. The band structure is
ultrashort time scales in 4Ga_As diodest The micro- calculated at 916 points in the irreducible wedge of the Bril-
scopic description of this extreme nonequilibrium procesdouin zone. In addition, for the density of states we use 2573
remains a demanding task. points. The 8 electrons were always treated as part of the

The electron initiated impact ionization rgi¢éR) was cal-  frozen core.
culated for a variety of semiconductor materials within a The resulting band structures and densities of states
full-band approach by using the empirical pseudopotentia(DOS) are shown in Figs. 1-3 in comparison with EPM cal-
method (EPM).> The influence of quantum and high-field culations. The sets of EPM parameters used here for GaAs
effects on the impact ionization process has been studied ase given in Ref. 17 and for GaN and ZnS in Ref. 18, respec-
well, in particular the intracollisional field effécand colli-  tively. Previous EPM calculations for GaARefs. 19 and
sion broadening? 20) are in very good overall agreement with the EXX-LDA

It is found that the band structure has a strong influenceesults shown in Fig. 1 so that the use of empirical pseudo-
on the IIR. Especially, the wave-vector-dependent IIR is senpotentials is well founded for this material. This is not the
sitive with respect to the details of the band structure in thecase for GaN and ZnS where significant deviations between
Brillouin zone, including the location and shape of higherthe EPM and EXX-LDA band structures occur, even for the
bands. Therefore, instead of using approximate band struéewest conduction band and the highest valence band. Fur-
tures,ab initio electronic structure calculations are needed tathermore, the DOS extracted from these band structures is
get reliable results for the IIR. The first calculations in this considerably different, especially the location and height of
sense were performed for GaAs and InGaAs within athe maxima.
screened-exchange local density approximafstLDA) of
density functional theoryDFT).%:10

Here we present results ab initio calculations for the I1l. IMPACT IONIZATION RATE
IIR in GaAs, GaN, and ZnS within DFT by using an exact .
exchange formalism with a local density approximation for A. Computational scheme

correlations(EXX-LDA).1! The exact treatment of the ex- ] o )

change interaction yields accurate band gap energies, in con- [N the process of impact ionization, an energetic conduc-
trast to the standard LDA which is plagued by the well- pon band electron |m|c_)act ionizes a _valence band electron,
known band gap problef?. These improvedib initio band -8~ 1+2—3+4, see Fig. 4. The statésepresent the band
structures were applied recently for the calculation of thddexn and the energy, (k;). The band indices and ener-
high-field electron transport in GaAs and ZnS using full- 9i€S Ny, &, (K1), N3, 8q,(K3),Ng, 84, (Kg) run over the conduc-
band ensemble Monte Carlo simulations; good agreemeriton bands, while,, &, (k) belong to the valence bands. We
with experimental data was achievEd. apply Fermi’s golden rule to evaluate the AR,
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FIG. 1. Band structure and density of states for GaAs using DFT
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FIG. 3. Same as in Fig. 1 but for ZnS.

in EXX-LDA (solid lineg and the EPMbroken lines.

:(1/\@)exp(ik-r)un(k,r); Q is the crystal volume. The

4 Coulomb interaction
(D)= =75 2 [Mio(1,2:3,4)°
2,3,4

A . ,
X 8(e(3) +&(4) - £(1) - £(2)), (1) o(r=r ,w)—f (Zw)sv(q,w)exp[lq (r=r] (4
where the total matrix element contains direct, exchange, and
umklapp processes via is screened via the dielectric functiefq, w),
Miof® = 2IMd[* + 2[Mf” = (MM + MgM). (2 2
The matrix elements wittM(1,2;3,4=My(1,2;4,3 are v(G.w) = €0e(q, w)g?’ )

given by

Md(1,2;3,4:fd3rfd3r’\If;4(k4,r’)‘I';3(k3,r)

where g, is the static dielectric constant. We have used the
model dielectric function of Levine and Lou?é.For direct
processes we have

XU(r - r',w)ll’nl(kl,r)‘lfnz(kz,r’). (3)

’ _c’ 2
Bl (K1, k) B, S (Kp, ky)

The Bloch wave functions for the electrons ai#g(k,r) M= | S M2
G G’ 606(q1w)q2
16 — T 1
14 X B tkp kgt 4G (6)
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FIG. 2. Same as in Fig. 1 but for GaN. FIG. 4. Schematic impact ionization process for electrons.
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cozziet al. (Ref. 9, Junget al. (Ref. 27, Harrisonet al. (Ref. 28]
parametrized via E(9).
RY(E) = P(E - Ey). 9

The prefactorP, the threshold energky,, and the powea
are parameters adjusted to the numerical data. The original

Impact Ionization Rate [1/s]

i e—e EXX-LDA, sum ] Keldysh formuld* with a=2 is derived within the parabolic
10§ ﬁgiﬁi‘ﬁn& podband ] band approximation using effective masses.
10k eEENE e ‘t’)ar?d e Previous calculations of the IIR have indicated that pro-
g a4 Picozzi et al., 2nd band nounced contributions arise from higher conduction bands,

9 i L | f | L | L | L
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especially in wide bandgap materials. Furthermore, a marked
anisotropy ink space is obtained which derives from the
restrictions imposed by the conservation of energy and mo-
FIG. 5. Wave-vector dependent IIR for GaAs along fheX mentum. We have taken into account four' conductior_1 and
[001] and '-L [111] direction. We compare the EXX-LDA and four vale_nce bands for the complete numerical evaluation of
EPM contributions of the second conduction band with respectivd€ lIR given by Eq(1), processing the EXX-LDA as well as
SX-LDA results of Picozzet al. (Ref. 9. the EPM band structures shown in Figs. 1-3.
The integrals in Eq(1) extend over the entire Brillouin
1 zone and are evaluated using as%efficient numerical proce-
©) B [ G (k. , dure developed by Sano and YoshiiMaking extensive use
B”'”i(k"k‘) 0 f o expliG r)u”i(k"r)u”i(k"r) @ of symmetr)f) relat)i/ons imposed by the cr;g/]stal structure, the

) ) integrations can be restricted to the irreducible wedge of the
are defined by the Bloch factoug(k,r) which are calculated  gyjjiouin zone where a large number of points can be taken

by an expansion with respect to reciprocal lattice vec@®rs  jnto account for the numerical evaluation. We have consid-
We have considered 113 reciprocal lattice vectors W&h  ered here 356 points in the irreducible wedge which corre-
<v20(2mw/a). Higher expansion coefficients were deter- spond to a total of 11 901 points in the Brillouin zone so that

mined within perturbation theof¥if necessary to reach con- a reasonable convergence of the numerical results is war-
vergence. Momentum and energy transfer are defined as ranted.

=k,;~k3+G’ and hw:snl(kl)—sna(k3), respectively. We

consider umklapp processes up to the sixth orde®in B. Results for GaAs

The wave-vector-dependent IIR defined by Ef.can be First, the wave-vector-dependent IIR is shown for GaAs
averaged over the entire Brillouin zone to obtain an energyn Fig. 5. A strong asymmetry along the directions in the
dependent rat&(E) according to Brillouin zone and marked differences between the EXX-
LDA and EPM results are clearly to be seen, especially in the
En o Ti(N, k) 8[E - eq (Ky)] I" valley. For example, the contributions of the second con-

R(E)= — , (8)  duction band as given in the sX-LDA calculatfoare com-

Enl,kl S[E~en, (ky)] pared. Pronounced differences, especially in[tt] direc-

tion, occur which underline the strong influence of the band
which is often used in Monte Carlo simulations of high field- structure on the IIR. Notice that the total rate is mainly de-
electron transport in semiconductors. This scattering rate cagrmined by contributions of the third and fourth conduction
be approximated by an interpolation formula band.
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FIG. 7. lIR along the high-symmetric lines in GaN by using the FIG. 8. Same as in Fig. 7 but for ZnS.

EPM and EXX-LDA band structures. )
For ZnS, the EPM rates are generally higher by 1-2 orders of

magnitude except at thé valley in[001] direction where by
far the highest rates are derived from the EXX-LDA band
structure.

Because of the large band gap, impact ionization pro-
cesses in these materials can only be generated by electrons
in the higher bands. Looking at the EXX-LDA band struc-

res in Figs. 2 and 3 in more detail, the main contributions
o the IIR in GaN arise from the second to fourth conduction
band near thé&" valley in theL andX direction. In ZnS, the
third and fourth band give the main contributions in ke

irection at the edge of the Brillouin zone; the second band is
il too low at thel’ point.

The results for the energy-averaged IIR for GaN and ZnS
are shown in Figs. 9 and 10, respectively. The threshold en-
ergies amount to 4.0 eV for GaN and 3.7 eV for ZnS,
slightly smaller than the EPM values. We find a strong in-
crease of the IIR at about 5.75 €%aN) and 4.75 eMZn9),

The wave-vector-dependent IR for GaN and ZnS ismuch more pronounced than the EPM results in that region.
shown along the high-symmetric lines in Figs. 7 and 8, redn the following energy domain, the rate based on the EXX-
spectively. Strongly different rates are obtained from theLDA is for both materials considerably higher than the EPM
EPM and EXX-LDA band structures in all three directions. rate. The curve of Kolniket al?® for GaN was derived by
For GaN, the EXX-LDA results are 3—4 orders of magnitudeapplying a Monte Carlo method for the evaluation of the
higher than the EPM rates near thevalley, while the dif- integrals in Eq(1) and an EPM band structure. A relatively
ferences become smaller at the edge of the Brillouin zonesoft threshold behavior is obtained from this approach.

The total energy-averaged IIR according to Ef) is
shown for GaAs in Fig. % The EXX-LDA and EPM results
are compared with other EPM-based calculatitfis. A
good agreement is found with the sX-LDA resél&dthough
only three conduction bands were included in this evaluation,
The IIR derived from the present EPM band structure has
lower threshold and is in general too high by 1-2 orders o
magnitude. Notice that an average of tkelependent IIR
along the highly symmetric lines as performed eatlier
yields a higher threshold than the average according to E
(8) but alImost the same values for higher energies. The oth
EPM-based calculations for the lIRefs. 27 and 2Bgive
the same threshold behavior as thb initio results, but
higher rates for higher energies.

C. Results for GaN and ZnS
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FIG. 9. Same as in Fig. 6 but for GaN. We compare with EPM FIG. 10. Same as in Fig. 6 but for ZnS.

results of Kolniket al. (Ref. 29.

It is interesting to correlate the peaks and minima of theexx_| DA in order to compute the microscopic IIR. We
DOS with the structures of the IIR for both materials. Thea,e shown that the IR is strongly sensitive with respect to
first peak of the DOS owing to the first conduction bandy,e pang structure and asymmetric kinspace. We find a
gives no contributions to the IIR in both cases because it '§trong increase above the threshold energy at about 5.75 eV

located below the threshold energy. The position of the SeC(GaN) and 4.75 eV(ZnS). A correlation to the structures of

ond peak of the DOS in GaN just coincides with the sharp . )
increase of the IIR at 5.75 eV. The second peak of the DO € DOS can be given for G_aN while for ZnS a constant but
igh DOS occurs in that region. These new results for the IR

in ZnS, however, is still below the threshold energy for im- b lied | lo simulati f the hiah-field
pact ionization and does not contribute. Only the third peai€@" be applied in Monte Carlo simulations of the high-fie

is close to the threshold in this material while the strong€l€ctron transportsee, e.g., Refs. 13, 19, 29, and 80order
increase at 4.75 eV occurs in a region with an almost conf© gain more insight into the process of carrier multiplication
stant but high DOS of about &V atom™. The DOS in  iN semiconductors.
GaN is generally smaller than in ZnS and has a more pro-
nounced peak structure which is then more apparent in the
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