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Nonparabolic multivalley balance-equation approach to high-field electron transport
and impact ionization in ZnS: Comparison with full-band Monte Carlo simulations
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Extended nonparabolic multivalley balance equations including impact ioniz@kioprocess are presented
and are applied to study electron transport and impact ionization in ZnS Withxa andL conduction-band
structure at high electric field up to 2000 kV/cm. Hot-electron transport properties, such as electron drift
velocity, electron energy, intervalley electron transfer, and electron-hole pair generation, are calculated by
taking account of the scattering from polar optical, deformation potential, and intervalley interactions. Quan-
titative agreement is obtained among the results for drift velocity and Il coefficient derived from the present
calculations, from the recent full-band Monte Carlo simulations, and from experiments, thus confirming the
validity of the present multivalley nonparabolic balance-equation approach.
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[. INTRODUCTION from momentum and energy conservation for an individual

electron. The electron will have a probability to produce an

Recently, high-field transport of ZnS has attracted a growelectron-hole pair by Il process when its energy is larger than

ing interest owing to its promising applications in efficient 1.

electroluminescent displays. The understanding of hot- In this paper we present the nonparabolic multivalley bal-
electron transport properties of ZnS is essential for the deance equations including the I procgsSand apply them to

sign and operation of ZnS-based ac thin film electroluminesstudy transport properties and Il in ZnS at high electric field

cent devices. These devices operate in the high-field rangd® t0 2000 kV/cm. We have obtained the electric-field de-

0.5-2.0 MV/cm and rely on the process of carrier multipli- pendence of transport qualltles_, such as the qlr_n‘t veloc|_ty,

cation by interband impact ionizatiofil). During the past electron energy, valley occupation, and Il coefficient at dif-

decades a few attempts have been made to investigate tF]eerent lattice temperatures. We compared our calculated re-

. : L . . 'sults for electron drift velocity and Il coefficient with MC
transport behavior of ZnS in the high-field regime. The typi-~. . e : . L
cal technique is Monte CarlMC) simulation’” in which simulations™ and the available experimerifsQuantitative

.agreement is found, thus confirming the validity of the

the microscopic scattering rates and the full-band structure 'Bresent multivalley nonparabolic balance-equation approach.
the entire Brillouin zone are needed. Recentlf initio

band-structure MC calculations for ZnS within density-
functional theory have been performed by using an exact
exchange formalism with local-density approximatidmC-
EXX-LDA) (Ref. 7) for correlations. The exact treatment of  Consider a semiconductor having a band structure of
the exchange interaction allows one to reproduce band-gagalleys with an energy-wave vector relatieg(k) for elec-
energies very accurately for a variety of semiconductor matrons andsg(k) for holes in each valleyg=1,2,...5).
terials. As to theoretical methods for the Il process in semi-According to the balance-equation theory, under the influ-
conductors, the analytical models widely used are the oneance of a uniform electric fielé& the carrier conduction is
by Shockley? Wolff,® and Baraff'® Shockley assumed that described by the following equations for the carrier density,
ionizing carriers are those that are sufficiently “lucky” to effective momentum, and energy balance for each valiey (
drift to an energy greater than or equal to the threshold en=1,2, ... s, =1 throughout the papgr

ergy without experiencing any energy relaxation collisions.

1. NONPARABOLIC MULTIVALLEY BALANCE
EQUATIONS INCLUDING Il PROCESS

This idea was later developed into the lucky-electron model dng ab ab

by Ridley"" and improved by Wilson? Wolff ® considered E_gii_b;a) Xei +b(§a) Xep: (1)
that the electrons are heated entirely by an external field and

by many collisions, and it is these electrons at the high- d(n,v,) .
energy tail of the energy distribution which give rise to Il. By T n,eE- IC,+ A2i+A§p+ Ad+ 2 ) Aé;

combining the features of the Shockley and Wolff theories b(#a

Baraffi® later formulated a more sophisticated || model

which provides a better agreement with experiment in real- + > A%, (2
istic systems. To study the Il process in semiconductors, b(+2)

Quade et al®® developed a detailed Il theory including

thresholds for general bands within the hydrodynamic ap- d(naea) —n.eE-v.— W& — W& — 2 Wab &)
proach. They rigorously determined the threshold energy dt N e7 R
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The above equations are the extension of the balanceeleration, and the ll-induced energy-loss ratathf valley,
equation***>17to include Il process for nonparabolic semi- which describe the contribution of the Il process to electron
conductors having multiple valleys. The transport state otransport. Their expressions are obtained by similar calcula-
electrons in theath valley is described by the electron tions for single-valley systetf)

chemical potentiaju,, electron temperaturé, and lattice

momentum shifpp, . On the other hand, the drift movement a_ a, \12 h

and heating of hole gases are negligible in comparison with i _47Tk§‘ IMA(D]*S(eak-qt eakt Cakr +q~ Eak’)

those of the electron gases so that the hole gases can be A

described by the lattice temperatufeand a hole chemical o — Ma
potential u! in each valley 8=1,2,...s). The electron X[va(k'+a) +va(k=0) —va(K)IF| —5—
density in ath valley is given by n, .
=1/(47%) [d3kf[ (e 4(K) — o)/ T4]. The average velocity

V4, the average energy,, and the ensemble-averaged in- X
verse effective mass tensdi, of electron in valleya are

defined respectively as,=(Ve,(K)), e,=(ea(k)), and ( f(eh—puh)IT] )
Ka=(VVe4(k)), in which (---) stands for the weighted X[ 1= ——=——= = , (8
integral over a Brillouin zone ink space: (---) fl(eak —€ak'—q~ ak +qT 1a)/ Tal
=1/(47%n,) [Pk T{[£4(K) — mal/Tat- - - with g,(K)=e,(k

—pa) and f(x)=1[expik)+1] the Fermi distribution func- Wa=4q7 > |Mﬁ(Q)|282k5(8ak—q+82k+8ak'+q—8akf)

_¢| ak’+q” Ma
' f( T,

_¢| Eak-q" Ma
! f( T,

tion. In Egs.(1)—(3), e is the electron charge. The frictional Kk’ g

accelerationAg;, A, (due to impurity and phonon scatter- — —

ings) and the energy-loss ral\elgp (due to phonon scatter- Xf<gak'_'“a 1_f(83k’+q_'“a
ing), share the same expressions as those given in Ref. 17. Ta Ta

xap andxgg are the change rates of the carrier population in

the ath valley, respectively, due to the interband electron- % 1_f(8akq_r“a
impurity scattering and due to the interband electron-phonon Ta
scattering. Their expressions are as follows: h h
( L fl(eq— na)/T] .
Xab— _Zni;1 U (@) 2112°(K, 0,0), (4) fl(eak —&ak —q— €ak'+qT Ha)/ Tal
gi=47 2 |MI(D)*8(sar—qt et Eak +q— Sakr)
Xep= =22, IMan(@PA™ (k.0 g0, (5 kK"
. €ak’ ~ Ma _¢| Cak’+q” Ma
with ><f(—_|_a 1 f<—Ta
8—k_:“a 8—bk+ —Ma P
12°(k,q,Q =2WH 2 —f( 1 _ | Bak—a” Ha
(k,q,€2) T, T, x|1—f T
X O(eak— Ebk+q— (1), (6) fr(eh — h)/T
B X(l— _ _[( ak ﬁa ] ), (O)
) ) Eak— Ma f[(sak’_Sak’—q_sak'+q+ﬂa)/Ta]
A®(k,q,Q)=117"(k,q,Q)|n| =| —n| —— ) , ) ,
T Ta in which the Fourier representations of the band-band Cou-
— lomb interaction matrix elemert!(q) in the ath valley is
_ Ebk+q” Mb 12K, g, — Q) given by
Tp
a 2 Iccl cv
Mii(q)= : (12)

X

n

8 n 8_bk+q_,ub _ E_ak_,ua
T Ty Ta

' €(a’+q3) K

(7)  with a dielectric constant, and a reciprocal screening

- lengthgo= Vn.e?/ kegT,. I andl, are overlap integrals of
in which ey =e4(k), n(x)=1[expK)—1] is the Bose dis- conduction-conduction and conduction-valence bands, re-
tribution, n; is the impurity density(}, stands for the en- spectively. The overall electron average velocity and the av-
ergy of thexth branch phonon with wave vectar U,p(d)  erage energy are obtained byy=3,nw,/n and
is the interband impurity potentiaM ,,(q) is the interband =3 _n_s,/n, respectively, withn=3,n, the total electron
electron-phonon matrix element. In Eq4)—(3), gii, A7,  density of the system. The electron-hole generation rate in
andW; are, respectively, the generation rate, ll-induced acthe whole electron system is expressed by
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TABLE |. ZnS parameters used in the calculations.

> .ot

2 Band gap(eV) 3.68
gi=—— (12 . _
Material density (g/crf) 4.08
. .. Effective hole effective masa() 1.0
and the Il coefficient of the whole electron system is g'venLongitudinal sound velocity (Focm/s) 59
by Static dielectric constant 8.31
High frequent dielectric constant 5.13
@i :& (13)  Acoustic deformation potentideV) 4.9
nv Optical phonon energymeV) 43.0
Valley r X L
Ill. HIGH-FIELD TRANSPORT AND IMPACT
IONIZATION IN ZNS Electron effective masany) 0.34 04 0.222
Nonparabolicity (eV'1) 0.69 0.65 0.36

We have performed a quasi-steady-state calculation qf/a”ey separatiorieV) (relative toT" valley) 0 069 0095

carrier transport in bulk ZnS by assuming that the Ieft—hanq\l ber of equivalent vall 1 4 3
sides of Eqs(1)—(3) (in which s=3) equal zero in the field | oo, O Cauvalent vareys

! Intervalley deformation potential (2G&V/cm
range 0—2000 kV/cm. In the calculations, we evaluated th y P ( )

expressions in Eqg4)—(10) by the Gauss integral method, rom 0.0 10 10
. . . From X 1.0 0.9 0.9
and use the Newton iteration method to solve the equation mL 10 10 09
In this quasi-steady-state case, since the momentum- a ' ' '
ntervalley phonon energgmeV)

energy-relaxation times are much shorter than the carrief
number relaxation time, the average electron velocity and™©m! 00 267 279
electron energy become steady while the total number offomX 27.9 27.3 27.9
carriers is still increasing due to Il process with a constanfTomL 26.7 26.7 27.3
rate, namely, the electron-hole pair generation rgfe
(=dn,/dt). We use a three-valley moddr, X, andL val-
leys, for ZnS conduction band. We solved eight equations fo
theT’, L, andX valleys, i.e.a=1, 2, and 3. The eight basic
guantities that we solved are: electron velocities (v,
andvs), electron temperatured{, T,, andTj3), and valley
population percentagesN¢ and N,, then obtainingN;=1
—N;—N5). The Kane-type nonparabolic energy-wave vec-

ties, we show in Fig. 3 the calculated average electron ve-
rocity v4 of the whole systenfleft axis) and the normalized
electron temperaturd;, /T, for thel valley (right axig as a
function of the electric fieldE in ZnS at different lattice
temperature§ =77, 180, and 300 K, respectively. It is indi-
cated from Fig. 3 that the electron drift velocity at low tem-
erature is greater than that at high temperature. The reason

tering from the polar optical, deformation potential, and
‘”tef‘(a”ey interac.tions. Impaqt ionization is re_garded as any gifferent lattice temperaturds=77, 180, and 300 K, re-
additional scattering mechanism. The material parameters
used in the calculations for ZnS are listed in Table I, which ——r e ————rrrg
are from Refs. 5 and 7. ]

In Fig. 1 we show the calculated electron drift velocities ZnS, T=300K
vy (open circles as a function of electric field in ZnS at 10°
lattice temperaturd =300 K. Results from MC simulation
by using the empirical pseudopotential methddC-EPM,
solid circles,® recent MC simulation MC-EXX-LDA(solid >0¢
triangles,” and experimental datdare also shown for com-

—o— This theory E
—— MC-EXX-LDA [7] |1

parison. It can be found that our calculated results are in a —+— MC-EPM [6]

good agreement with the recent MC simulations MC-EXX- 100 £ ——Exp. [16] |

LDA by considering the details of the realistic band structure E vl el 00

of ZnS. In Fig. 2 we show the corresponding valley occupa- 10° 10’ 10° 10°
E (kV/cm)

tions as a function of the electric field in ZnSTat 300 K. It
can been seen that for an electric f|eld .below j[he thre;hold FIG. 1. Calculated electron drift velocitiéspen circlesvy as a
value E;=170 kv/cm for the negative differential velocity fction of electric fieldE in znS at lattice temperatured
(NDV), more than 99% electrons are distributed in fhe  _300 K. Results from MC simulation by using the empirical
valley, and for an electric field above this threshold the POPUpseudopotential methotMC-EPM, solid circles (Ref. 6, recent
lation of thel” valley decreases gradually, while those of themc simulation by using an exact exchange formalism with local-
X and L valleys increase. AE=1000 kV/cm, the popula- density approximatioiMC-EXX-LDA, solid triangles (Ref. 7 for
tions in theX andL valleys are 38% and 4.2%, respectively. correlations, and experimental d&thick line) (Ref. 16 are also
To see the temperature dependence of transport propeshown for comparison.
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FIG. 2. Valley occupations are shown as a function of the elec- £ 4. Average electron energies are shown as a function of the

tric field E in ZnS at T=300 K. At the electric fieldE  giactric fieldE in ZnS at different lattice temperatur@s=77, 180,
=1000 kV/cm, the populations in théandL valleys are 38% and ;.4 300 K respectively.

4.2%, respectively.

Fig. 6 the calculated Il coefficient;; of ZnS as a function of

spectively. In connection with the velocity-field curve, the : o ; X
he inverse electric field at different lattice temperatufes

relation of electron energy vs electric field provides some™ ;
more physical insight into transport properties, especially~ //» 180, and 300 K, respectively. It can be seen that the

into the I process. The dependence of the average total etlpwe_r the _Iattice temperature, the Iarger_ the_ Il coefficient is.
ergy on electric field in ZnS shows a behavior typical forAt given field the electron temperature is higher at low lat-
compound semiconductor materials in that the average efic€ temperature. The reasons are as follows. As electrons
ergy increases abruptly by almost an order of magnitude ne&tcCelerate under a given field, they quickly heat up. These
the threshold fieldE,; for NDV with a flattened shape at hot electron_s thgr_n c_olllde frequently with phonon_s and relax
either the low- or the high-field ranges. to the quasiequilibrium state, thus reducing their tempera-
In Fig. 5 we show the calculated Il coefficieat; of ZnS ture. Hovy fa;t eleptrons lose the!r energy or how high elec-
as a function of the inverse electric field B& 300 K. The rons maintain their temperature is dependent on the phonon

solid squares is the ensemble Monte C&EMC) simulation population, or the lattice temperature. If the lattice tempera-

results for ZnS from Ref. 5, and the dashed line shows thé'€ iS low, the phonon population is low and electron-
results for ZnS from device modeling assuming that all Carphonon scattering is weak. As a result, electrons lose little

rier multiplication is due to the Il proceSsin addition, to ~ €Nergy and maintain a high electron temperature. We find

further check the present Il approach, we have also calcfhat thg d?pegdl;ancr(]a Off t”he I.I coefficient erl the eIecFric.fieId
lated and shown in Fig. 5 the Il coefficients of GaAsTat = ¢an be fitted by the following exponential expression:

=300 K. The experimental results by Bulmanall® are

also plotted for comparison. Good quantitative agreements Bo
are found between the present calculated results and the ones ajj = agexp — E_V (14)
from MC simulations and the available experiments both for
ZnS and for GaAs, thus confirming the validity of the present
[ model. In order to discuss the dependence of Il coefficient 10° s
; : H H == This theory for ZnS
on the electric field and lattice temperature, we show in = MC by Fogarty [5]
105_ - —— Dev Simu [5] i
. g 100
Eooee T=77K Zns .
[ ----180K .
yor [ 300K 510“-
— F - . S
@£ Lyt
£ R P 10%
Se10t e e i 3
3 \ —— This theory for GaAs ]
A Exp. by Bulman et al. [18] |1
) 1(62..| P RS RS
N 2 1 2 3 4 5
10 - 7 1/E (cm/MV)
10° 10’ 10° 10° . . -
E (kV/cm) FIG. 5. Calculated Il coefficienty;; , of ZnS(thick solid line as

a function of the inverse electric field at=300 K. The solid
FIG. 3. Calculated electron drift velocity of the whole system  squares is the EMC simulation results for ZnS from Ref. 5 and the
(left axis) and the normalized electron temperatdre/T, for thel’ thick dashed line shows the results from device modeliRef. 5.

valley (right axig are shown as a function of the electric fiédn In addition, the calculatedthin solid line and the experimental
ZnS at different lattice temperaturds=77, 180, and 300 K, re- (open triangles(Ref. 18 Il coefficients for GaAs are also plotted
spectively. for comparison.
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TABLE II. The fitting parameters for the Il coefficients at dif-
ferent lattice temperatures

10°
T (K) ag (10° cm™) Bo Y
e, 77 8.09 2.06 1.3
10
= o Ter7K This Theo 180 9.33 2.43 1.35
e A i 300 9.94 2.88 1.4

o 180K, This Theory
A 300K, This Theory
10° F —— Analytic fits by Eq. (10)

. . . . . still equivalent. Since the energy &f point is higher than
050 075 100 125 150 1.75 2.00 that of theX point and the anisotropic parameter for the
1/E (em/MV) point is smaller compared to that of thépoint. We shall

FIG. 6. Balance-equation calculated Il coefficiefpen sym- neglect this anisotropic effect.

bols) «;; of ZnS are shown as a function of the inverse electric field
at different lattice temperaturéb=77, 180, and 300 K, respec- IV. CONCLUSIONS
tively. The solid lines show the corresponding analytic fits by Eq.

(14 In conclusion, based on the nonparabolic multivalley bal-

ance equations extended to Il process in semiconductors we
have investigated electron transport properties and impact
éonization effect in ZnS with a three-valley nonparabolic
structure at high electric field up to 2000 kV/cm. Most im-
portant transport characteristics, such as electron velocity,
electron energy, intervalley transfer, and impact ionization
coefficient, are calculated by taking account of different scat-
ﬁering mechanisms with the inclusion of the impact ioniza-
tion process. In the present approach the computational times
electric field may be used in ZnS-based device modeling. required for getting accurate numgrical rgsults are quite ac-
We notice that, all satellite valleys are anisotropic andceptable when compareq to MC S'm“""?“.o”- The c.alculated
hesults for average velocity and Il coefficients are in agree-

thus become nonequivalent when they are coupled to al

electrical field. For the present system we neglect this nonl1eMt with recent MC resuits and the available experimental

equivalence due to the following reasoii%) There is only gg}:ﬁégf S;Egr?rgngr;gihpr?ﬁe;; dﬂ%nnpa\:vib(géctamug'r\(a;lﬁg_
one satellite valley ab’ point, so we neglect the anisotropic q pp ) '

effect when the electric field is along th&€00] direction,(2) Ir)rqgc Loérgiurleactflorutshe% ?rfIﬁggg?ﬂ”d;rr]]tsl_lbggsg'gfr:?éowng'ggor
the X valley is most anisotropic. While most papers dealingde\}i/Ce y 9

with this problem use the isotropic approximati@ee, e.g., '

Ref. 5, and references thergiit is expected that such iso-

topic approximation become less valid if a strong electric ACKNOWLEDGMENTS
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The fitting parametersyy, By, and y for different lattice
temperatures are presented in Table II. In Fig. 6 we hav
shown the fitting result¢lines) by Eq. (14), which are in a
good agreement with thogepen symbolsobtained by nu-
merically solving the balance Eg&l)—(3) in the field range
500 kV/cm<E=<2000 kV/cm at lattice temperature§
=77, 180, and 300 K, respectively. The analytic expressio
by Eq. (14) for the dependence of the Il coefficients on the
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