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The task “Monlocal ized Impact Ionization In Semiconductors ” is

directed towards improving the understanding of the “nonlocallzed” nature

of impact Ionization: I.e., the fact that carriers must be field accele-

rated by at least the threshold energy for Impact ionization before they

can create an electron-hole pair. Thi s concept was first articulated by

Okuto and Crowell (0—C) (1) as applied to bulk ioni zation coefficients,

and was used with considerable success to explain the high field ioniza-

tion rates in Si and low voltage avalanche breakdown in Si and Ge (2).

Earlier 0-C stated explicitly an important asymptoti c limitation on

ionization coefficient imposed by energy conservation (3). Presently

reported ionization rates are sufficiently high for GaP (4) (cf . Fig. 1)

that they exceed this asymptote and data for holes in GaAs (5) approach

this asymptote so sharply that they are subject to considerable doubt.

Our work has been directed specifically towards GaAs and InP in

Schottky barrier configurations. This system permits fabrication presumably

wi thout structural damage and a better defined field distribution than

either an abrupt junction or the collector depletion layer of a transistor.

At the same time it is important to determine the field distribution as

directly as possible. Thi s has been done by integration of the C-V

characteristic when the capacitance is frequency independent (i.e., no

deep levels) and the diode is lightly doped. Anderson (6) used this

technique for a platinum silicide—-silicon Schoctky barrier. The C-V

measurement system was designed by Anderson, Baron and Crowell (7).

The use of the Schottky barrier permits photoinjection of only

majority carriers If a quantum emergy between the band gap and barrier
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Fig. (I) Ionization coefficient , o.,  as a function of the
electric field , & ,  for  electrons and hole s in,
GaP at 300°K. Legend: - - - -  experirnental(lO). -

- theoretical prediction obtaine d by the
pseudolocal approximation, ~ poin t used to
predict the optical phonon scattering mean free
path ,o~.a ma (E g) - theoretical maximum O~
obtained wit~ energy conservation limitation.
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height is used. Since the field dependence of the photoinjection process

determines the base line from which ioni zation coefficients are measured,

we have made a careful characterization of this process including effects

of image force , phonon scattering and quantum—mechanica l tunneling in the

Platinum-Silicide—Sillcon system (8).

We have presently constructed guard ring Schottky barriers in 2 x i&6

cm 3 doped n type GaAs with electrolytically grown oxide passivation. The

barriers exhibit typical n val ues of 1.03 and nominal bulk breakdown.

Similar diodes in InP are being prepared. Measurement and characterization

of the ionization and photoinjection processes will continue into the ex-

tension of this program.

To obtain a solidly based characterization of the nonlocalized formu-

lation we investigated the carrier energy distributions implicit in the

Baraff modeling (9) and added some refinements - mainly a phonon “darkspace”

at low kinetic energies and an energy dependent mean free path for pair

production. In our earl ier work we had assumed a simple exponential di s-

tribution of ionization starting a threshold energy away from the origin

of an electron-hole pair. To investi gate the validity of this assumption

we undertook a Markov matrix formulation of the transport process by divi-

ding the range of the energy distribution into a finite number of states and

calcul ating the phonon and ionization induced transition probabilities (10).

Given this fundamental matrix we coul d follow the spatial distribution of

the ionization associated with any initial distribution of carriers. A

concurrent calculation of the average velocity in the field di rection

permitted a calculation of the velocity-field relationship in the high

field region near the scatter-limited velocity. The results showed that

when parameters deduced from ionization in silicon were used, the field
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and temperature dependence were in excellent agreement wi th the high

field measurements by Duh and Moll (11). Satisfactory agreement was

also found for electrons and holes in Ge.

In the above formulation, it was relatively straightforward (but far 
-

- from trivial ) to incl ude in the Ionization coefficient a calculation Of -

the effect of a finite energy dependence for the ionization cross-section.

In so doing we found that we could express the final result for a wide

variety of cross—sections simply by substituting the average energy at

which ionization occurs for the threshold energy in an analyti c function

similar to that employed earlier by 0—C (3). In addition , we found that

except-at very high electric fields the effective threshold remains close

to the actual threshold energy even when the cross-section for pair produc-

tion is small. This happens : because optical phonon scattering forces

most of the energetic carriers to remain near threshold for an~appreciable

number of scatterings until ionization occurs. This Is an important

modification of the basic concept earl ier assumed, namely that ion ization

occurs primarily due to a “lucky” electron that reaches the threshold 
- -

energy. This idea due to Shockley (12) appears in  modi fied form in the assumed

trial distribution function used by Baraff and is implicit In Mol l’s one

dimensional (13) formulation of the theory of impact ionization.

Any realistic modeling should include an energy dependence of the

ionization crosssection. We have shown that momentum and energy conservation

Impose an effective density of available states that grows as the 2 1/2 power

of the energy in excess of threshold as opposed to the 3 1/2 and 5 power

alternatives proposed by Ortnnond and Moll ( 14) .  We have shown as wel l
that the capture cross sections that we can deduce from cascade production

by high energy primary radiation are consistent with the modeling needed
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for the ionization coefficient. We investi gated this problem using a

Markov formulation and have shown that the results of the energy required

per pair produced are strongly influenced by the ratio of pair production

cross section to phonon scattering cross section at a primary energy

of twice the threshold energy. The energy dependence about this energy

‘ serves mainly to perturb the result (15). In this work we used the

thresholds derived from band structure considerations by Anderson and

Crowell (16). Our work also puts the experiments in hot electron emission

from Si p-n junctions by Bartelink , Moll and Meyer (17) in a perspective

that is ocnsistent wi th the cascade and avalanche measurements.

We have been quite satisfied wi th our characteri zation of the injec-

tion process for electrons into n type GaAs, but the minori ty carrier

injection appears to have serious di fficul ties that are probably associated -

with the material . This is a difficulty that appears to have affected

most previous attempts (4, 18) to measure ion ization coefficients in GaAs.

For this reason we intend to devote an appreciable fraction of future

effort to the characterization of our samples of InP.
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DISSERTATION

A MARKOV MATRIX TRANSPORT STUDY OF IMPACT
IONIZATION, VELOCITY SATURATION AND CASCADE

PROCESS IN NONPOLAR SEMiCONDUCTORS

The interrelationship between impact ionization by field accelerated carriers, high field
earner velocity saturation and cas ad. pair producti on by high energy carriers in nonpolar
semiconductors is investigated. The treatment uses the Markov property of isotropic optical
phonon scattermg and is formulated in terms of a transition matrix in a discretized energy
space. The matrix is a basic kernel for studying the impact ionization probability, t ransport

• velocity and energy distribution of charge carriers at very high electric fields at a given lattice
temperature. This method avoids any a priori assumptions concerning the distribution function
and provides better resolution and simulation flexibility than the Monte Carlo approach.
Effects of the energy dependence of impact ionization cross-section were studied. Allowing
both energy and momentum conservation , the impact ionization cross-section near the
threshold, E~~~, is proportional to (E — — EQ)~ ’ where EQ represents a restriction due to
momentum conservation and is inversely proport ional to a combination of the effect ive mass
components of the secondary carriers.

The transport velocity is mainly characterized by isotropic scattering, an energy inde-
pendent mean free path , l~ , for nonpolar optical phonon scattering and is nearly independent
of the ionization cross-section. The predictions show excellent agreement with high field
measurements on n-Si by Duh and Moll. At a lower field the calculations also agree favorably
with existing saturation drift velocity data in n and p type Si and p-Ce. The carrier energy
distribution is strongly influenced by the ionization cross-section and deviates from Maxwellian
at very high fields. The calculated impact ionization probability clearly demonstr ates the
nonlocaliztti carrier generation predicted by Okuto and Crowell and provides the exact spatial
distribution for a precise treatment to relate ionization coefficients to charge multiplication
data at very high fields. In terms of the earlier Baraff model , the effective ionization threshold,

is the average energy at which ionization occurs and is a good physical parameter to
describe ionization coefficients which naturally satisfy the energy conservation limit at high
fields. An “universal” analytical expression with meaningful asymptotic results for the
normalized ionization coefficients is derived. -

For the cascade process due to high energy carriers, the ratio of impact ionization to opti-
cal phonon scattering probability can be characterized in a stylized form of C(E/E TH — 11d We
derive recurrence relationships for the even tual ionization probability and the average phonon
energy loss before ionization for a carrier with initial energy E. A Markov matrix simulation
based on the available density of states function for the secondary carriers provides a fitting for
e, the average energy per pair produced. The deduced ionization cross-section in Si based on
separate thresholds for electrons (1.1 eV) and holes (1.8 eV) is described by C = 0.035 for d =
2.5. The effective ionization threshold at low field, ~~, has an upper bound of E~~ + (d +
l)q~ .~ due to the strong coupling for optical phonon emission near E~~ A minor correction
to the low field ionization rate is due to the additional number of phonon scatterings required

- 
- above ETh before ionization. <Ej >, however, is strongly field dependent at high fields and

prevents a constant <E1> characterization of the ionization rate over a wide range of fields.
Our results also show a consistent semi.qusntita tive interpretation for the avalanche energy
distribution of hot electrons observed from shsUow p-n junctions by Bartelink , Moll and Meyer.
This study provides important guidelines for future imoesuption and a comprehensive picture
for characterization of high field avalanche transport and the high energy cascade process of
catriers in nonpolar semiconductors.

(Copies available from Micrographics Department, Dolteny I. iirary , USC. Los Angeles, CA
90007.)
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NORMALIZED THEORY OF IMPACT IONIZATION AND VELOCIT! SATURATION IN

NONPOLAR SEMICONDUCTORS VIA A MARKOV CHAIN APPROACH *

BY

+ . -

R. Chwañg, Chung-Whei Kao and C. L Crowe] l

Departments of Electrical Engineering and Mate;:ials Scierice,University

- of Southern California, Los Angeles, Cali fornia 90007

ABS TRA

This paper presents an investigation of the velocity ,eriergy, and

impact ionization distributions in nonpolar semiconductors at very

high fields. The treatment uses a finite Markov chain formulation.

When optical phonon collisions and impact ionization are the major

scattering mechanisms in the semiconductor , a transition matrix

which characterizes the transition probabilities between virtual

states defined by small discrete energy intervals can be easily

computed. The resulting matrix provides the means not only to study

the impact ionization phenomenon but also the steady state transport

velocity and energy distribution of the charge carriers at high

electrical fields and a given lattice temperature. In addition, the

effects on the transport properties due to either an abrupt infinite

(AX ) or a finite energy dependent (FED) ionization cross-section

above the ionization threshold energy are examined. The calculated

avalanche tran sport velocity shows excellent agreement with the

experimental data in Si obtained by Duh and Moll. - The resulting

calculations when extrapolated to a lower field also agree favorably

with existing saturation d r i f t  velocity data in ri and p type Si and

p type Ge. The energy di stribution is shown to be strongly affected

by the choice of the mode l for the energy d ~pendence of the ionization

* Research supported by the United States Army Re~~arch Office under

Gran t No. DAAG 29-7S-0002
+ Now a t  Be l l  ~ u r t h e r n  Research Lab. ,  Ot tawa , On t - ,  Canada K1Y 447
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cross—section. One of the main applications of the results is to

assist investigation of the non—localized nature of electron and

hole avalanche ionization coefficients previously noted by Okuto

— and Crowell (0-C) . The present results for this spatial distribution

- - - can replace 0—C’s intuitively chosen exponential approximation . The

spatial ionization distribution generated by the present calculation

is essentially exponential with a threshold energy dark space. This

result provides a useful kernel for a more precise formulation in

studies that relate impact ionization coefficients to charge multi—

plication data. The normalized ionization coefficients obtained

from the Al model are very similar to Baraff’s calculation as are

the FED model results after appropriate normalization. Simple

analytical expressions with meaningful asymptotic results for the

average ionization energy and the ionization coefficient are also

derived from the present data. These results are applicable for a range

of different energy dependence of the ionization cross—section

provided that the average energy for pair production is used as the

- 

- 

effective threshold parameter.
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