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Four nonequilibrium carrier phenomena, namely, the hot-electron effect, injection, impact
ionization, and bulk negative differential conductivity (BNDC), produce nonlinear conduction
in -InSb in a strongly interrelated manner. These interrelationships are shown in detail.,
The hot-electron effect causes more decrease in average conduction under most transport
conditions than injection causes increase and thus injection is not so easily observed. As the
electric field strength is increased into the impact ionization range which begins at ~ 225 V/cm,
the generation rate progressively exhibits an ¢Z, an ¢!/Z, and then an ¢!/®° dependence. The
distribution of the carriers in energy space shifts from a peaked distribution for 225 V/ecm
< E <425 V/cm to an isotropic distribution for E 2 500 V/cm. While the carriers are in a
peaked distribution, the polar-optical-phonon scattering changes from small-angle scattering
to large-angle as E is increased. The origin of type-S BNDC is explained, as is its temporal
and spatial relationship to type-N BNDC. The S-BNDC results from the presence of copious
excess carriers that are generated by impact ionization within the propagating high-field do-
main (HFD) associated with the Gunn effect and the N-BNDC. A low-electric-field-strength
region is responsible for the S-BNDC, a region that propagates in the wake of the HFD associ-
ated with type N. A HFD in InSb makes a single transit as a result of impact ionization within
the domain. The N-BNDC in n-InSb decays in typically <10 nsec, the transit time for a HFD,
whereas the S-BNDC persists for several hundred nanoseconds. Radiative recombination mea~-
surements show conclusively that the S-BNDC is caused by excess carrier generation as pro-
posed. The decay of these excess carriers is found to be characterized by two times. The
faster, ~27 nsec, persists for typically ~ 150 nsec, a much shorter duration than the S~-BNDC
decay time, and is not understood at this time. However, the longer excess-carrier decay
time prevails well beyond the S-BNDC disappearance, a phenomenon that js explainable by the

hot-electron effect.

1. INTRODUCTION

The hot-electron effect, ! injection, 2 impact ion-
ization, 3 and bulk negative differential conductiv-
ity (BNDC)"'8 are known nonequilibrium conduction
phenomena associated with semiconductors, in par-
ticular with »-InSb. Nonequilibrium conduction re-
fers here to any condition of nonlinear (or non-Ohm-
ic) conduction that results when a voltage is applied
to a semiconductor sample. The conduction may be-
come nonlinear because carriers in excess of the
number in thermal equilibrium with the lattice are
introduced by the applied voltage. Nonlinearity may
also occur because the transport properties of the
charge carriers are modified by the applied field.

A combination of these possibilities may also exist.
Excess carriers are introduced into a semiconduc-
tor under the influence of an applied voltage by in-
jection and/or impact ionization. The hot-electron
effect influences the transport properties of elec-

trons because of the attendant mobility reduction.
BNDC can be the result of a change in the mobility
of some charge carriers, or the result of the in-
troduction of excess carriers, or a complicated
combination of both of these possibilities.

These four nonequilibrium phenomena are strong-
ly interrelated in »-InSb, a fact complicating their
study, particularly because these phenomena occur
on extremely short time scales. . The short time
scales require rather sophisticated diagnostic tech-
niques. The measurements are further complicated
by the fact that the lattice is held at a low tempera-
ture, 77 K, unless stated otherwise. This temper-
ature is chosen because it nearly maximizes both
carrier mobilities in InSb and is conveniently at-
tained.

This work shows the interrelationship of these
four nonequilibrium phenomena in #-InSb and gives
new information about each, including a new effect:
a temporal and spatial relationship between type-N
and type-S BNDC.®



5
6
| +=350 nsec Excess
Conduction
4 |- Ohmic
I Conduction
= / Hot
(A) \/ Electron
// Conduction|
2F
/
B Ohmic
Conduction (a)
0 ] ! ] I ]
0 100 200 300
E (V/cm)
I
0.15 Ohmic
@ 48 Conduction
1.5 Pex [ Vem
) 32 V/em \ 900_ 300 100nsec
0 Z
1.0 10 100 1000
t (nsec) 0.51030
0.5
(b)
0 1 | |
] 20 40 60
E (V/em)
FIG. 1. (a) Conduction characteristic illustrating

Ohmic, sub-Ohmic, and excess-carrier conduction, re-
corded 350 nsec after the application of the applied volt-
age. Data refer to sample No. S20-4C-15n. (b) Con-
duction characteristics, parametric in time, illustrating
the hot-electron effect and injection. The inset shows the
relative amount of injection, relative to ny=1.7 x10!4
cm™, as a function of field strength and time. Data
refer to sample No. S35-1F-11n.

II. NON-OHMIC CONDUCTION CAUSED BY HOT
ELECTRONS AND INJECTED HOLES

With the application of an increasing voltage to a
(single-crystal) sample of #-InSb, electron heating
occurs as the average energy of the electrons is
raised above k7T ; Ty is the lattice temperature. *°
Electron heating, or the hot-electron effect, causes
a reduced electron mobility u, because electron
scattering from polar-optical phonons increases as
the average electron energy is raised. Sub-Ohmic
conductivity results from the p, reduction, a phe-
nomenon that is readily observable by simple con-
duction measurements for electric field strengths
in the range 20 V/cm S E<250 V/cm, Fig. 1(a). For
fields exceeding 250 V/cm, carrier multiplication
dominates conduction, masking further heating of
the electrons (carrier multiplication is discussed
in Sec. IM). Ohmic, hot-electron, and excess-
carrier conduction are illustrated in Fig. 1(a).

Another phenomenon also occurs in the same E
range (20-250 V/cm), namely, the injection of non-
equilibrium holes, an effect which remained unob-
served in n-InSb until recently? because of the dom-
inance of the hot-electron effect. The influence of
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hole injection on the average (over the sample
length!®) conduction is generally small because the
holes carry such a small percentage of the current
(4/1,~25-100). In contrast, the effect on the con-
ductivity in a narrow, e.g., 1-mm, region of the
sample near the anode (where the holes are injected)
can be quite large because a eonsiderable number
of holes can accumulate in such a region of the
sample. 2 The uniform filling with injected carriers
of a long, e.g., 1-cm, sample does not occur in
n-InSb as it does so readily in p-InSb. ! It is pre-
vented by the majority-carrier drift velocity being
so much larger than the minority-carrier drift ve-
locity. This disparity in velocities causes the in-
jected plasma front to reverse its direction and
move back to the anode. 2

It is possible, however, in the case of a relative-
ly short sample, e.g., 2.5 mm, to detect an in-
crease in conduction, as a function of time, caused
by hole injection.? A description of the method
used to measure conduction characteristics as a
function of time has been published® and recent im-
provements are given elsewhere.'® Figure 1(b)
contains conduction characteristics taken to demon-
strate hole injection. For 0.5 nsec% /S 30 nsec,
no time dependence is seen in the conduction, but
for 30 S £ 900 nsec, the effects of hole injection
are readily apparent.

The sub-Ohmic conduction resulting from electron
heating occurs on such short time scales that it
cannot be resolved with presently available tech-
niques: A simple calculation of collision time 7,
assuming optical-phonon collisions only, yields!'*
7,~2X107'% gec; this result agrees well with more
sophisticated calculations.!® On the other hand,
injected-carrier transit times are ~ 107" sec/cm,
and thus injected-carrier conduction, enhanced
over the hot-electron conduction, is easily mea-
sured with standard sampling methods.

The ratio of the total current to the Ohmic cur-
rent may be expressed as

Iy _ [1+Be_x_(“n+ “p>] N1+Z?.e_m_ . 1)

I o Hen ng 7

thus the ratio of injected carriers p., to background
carriers 7y can be found as a function of E and ¢.
The inset in Fig. 1(b) demonstrates the relative
amount of injection as a function of £ and ¢ calcu-
lated from the data using Eq. (1). For example,
with an applied voltage of 12 V, which corresponds
to E=48 V/cm (upper curve in the inset), 2.6x10"
holes/cm?® and an approximately equal number of
electrons are injected by 900 nsec.

The hot-electron effect and injection are not ap-
parent in conduction characteristics for £33 nsec
when ER250 V/ cm, independent of sample length.
The reason for this, impact ionization, is the sub-
ject of Sec. III
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III. IMPACT IONIZATION

Impact ionization in »-InSb causes copious car-
rier generation when E exceeds ~250 V/cm. Knowl-
edge of the generation-rate dependence on E is
crucial to the understanding of the BNDC phase of
conduction, which is discussed in Sec. IV below.
This section treats the correlation between the
theoretically predicted and experimentally deter-
mined generation rates in order to ascertain the
correct generation-rate formulation. An outgrowth
of this study is an improved estimate of the elec-
tron distribution in energy space.

A. Results of Existing Theories

As E is increased beyond ~ 250 V/cm in an #-InSb
sample at 77 K, a few electrons can gain enough
energy to create an electron-hole pair by an impact-
ionizing collision before being “cooled” in a colli-
sion that creates an optical phonon. As E is in-
creased further, more and more electrons gain
enough energy to participate in impact ionization.
The questions of how the accelerated electrons are
distributed in energy space and through what type
of collisions they lose their energy are the sub-
jects of many theoretical papers.

A number of early works concentrated specifical-
ly on impact ionization in p-#» junctions in Si and
Ge.!6-1® Later works considered covalent semi-
concuctors with parabolic band structures. %2
Chuenkov? discussed ionic semiconductors with
both parabolic and hyperbolic band structures; the
band structure of InSb is hyperbolic. The principal
differences among the theories is the assumed
form of the energy distribution function of the elec-
trons. The results of all these works can be ex-
pressed in two general generation-rate equations:

For “low” E,

g(E)=Udrut fl(E)e-cL/E§ (2)
for “high” E,
Z(E)=vaeuet fo (E) e "OH/E? 3)

The functions f; and f, depend so weakly on E that
they are usually neglected. For the “low”-E case,
first treated by Shockley, ! the distribution function
of the carriers is peaked in the direction of the
applied field, resulting in a drift of carriers in en-
ergy space. The few carriers that have sufficient
energy to impact ionize are contained in the high-
energy tail of the distribution. In the “high”-E
case, a nearly symmetric or Maxwellian distribu-
tion function is assumed (first by Wolff'®), which
results in essentially all the carriers gaining the
same amount of energy in a given time period. Both
Egs. (2) and (3) assume an isotropic scattering
probability for optical-phonon collisions, and no
electron-electron collisions.
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Baraff'® combined the results of Egs. (2) and (3)
into a spherically symmetric distribution with a
field-directed high-energy tail and obtained numer-
ical solutions for g (F) involving several adjustable
parameters: €5, the optical-phonon energy; Az,
the mean free path for optical-phonon collisions;
and €;, the ionization energy. He also developed
a criterion to determine which type of distribution
function (peaked or symmetric) is applicable: For
eE g = € the distribution function is peaked, and
for eE)g > €, the distribution function is symmetric.

The constants C; and C, are defined in the fol-
lowing manner!™18;

Cr=¢€;/erg, )
Cy=3¢€;,€x/e2% | (5)

so that values for Ay and €; can be obtained by fit-
ting the experimental results to the theory, if €g
is known.

A somewhat different mathematical approach was
taken by Dumke. 22 In addition to the assumptions
of hyperbolic bands and a strongly peaked distribu-
tion function, he assumed essentially all small-
angle (forward) scattering with polar optical pho-~
nons. His results yield a rather complicated equa-
tion for g(E). One term involves diffusion in energy
space and is weakly dependent on E for “low” fields.
The more important term is exponentially depen-
dent on E. For “low” E (what “low” means is dis-
cussed in Sec. IIIC below), the g(E) dependence may
be expressed as

gE)~gge” . ®)

Unfortunately,® is not expressed as a function of
the parameters contained in Egs. (4) and (5). Thus,
comparison of the constants in the exponents ob-
tained from the two different approaches, isotropic
and anisotropic scattering, is not directly possible.
The validity of the treatments expressed by Egs.
(2) and (3) has been shown experimentally in Si junc-
tions?'?* and bulk® Si for “low” E and in Si junc-
tions® for “high” E. Two papers*® contain experi-
mental investigations of g(E) in #-InSb and report
conflicting results. Before comparing the present
data with the results of these two papers, a discus-
sion of the measurement of g(E) is given in Sec.
III B.

B. Measurement of Generation Rates

McGroddy and Nathan? suggested a novel tech-
nique for measuring g(E), a method that is valid if
all recombination processes may be neglected dur-
ing the short duration of the measurement and if
there is no generation by holes. The first assump-
tion is shown to be valid in Sec. IVB3b below. The
second is valid since electrons (injected), rather
than holes, produce impact ionization even in p-
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InSb.2® By maintaining E constant for a time long
enough to measure dI/dt, the generation rate as a
function of E may be determined from

1 dn
g(E)'ﬁ;Et_—ITEMﬁ (7)

where n, is the thermal equilibrium density of elec-
trons, Iy the Ohmic current, and I the total cur-
rent. To satisfy the assumption of no recombina-
tion, dI/dt is measured in the earliest time period
possible.

The earliest time at which measurements can be
made is limited by the risetime, 10-90%= 290
psec, of the applied voltage pulse. *'® To take ad-
vantage of this fast risetime and to reduce spurious
signals, it is important to keep the sample holder
as free from parasitic inductances and capacitances
as possible. This is best accomplished by keeping
the physical size of the sample holder small, using
low-inductance and low-capacitance resistors in
the circuitry, and making the connections to the
sample in the form of coaxial cables insofar as pos-
sible. All of the samples studied were enclosed in
a holder constructed of coaxial connectors contain-
ing the samples and two disclike 1-Q (at 77 K) re-
sistances. Each of these resistances consists of
twelve 10-2 0. 1-W carbon resistors soldered in a
radial pattern.’® To maintain a constant E(t), one
1-Q resistance is placed in parallel with the sam-
ple. The other of these resistances is in series on
the ground side of the sample and is used to moni-
tor the current through the sample. The uncer-
tainty in the E measurements is estimated to be
$+4% and the uncertainty in the dI/dt values s +5%.
Thus, g(E) may be measured with an accuracy of
~+9%.

Using the technique described by Eq. (7), g(E)
was measured in #-InSb at much higher fields than
previously employed. #° The next three figures
present these data, plotted to exhibit the correla-
tion, if any, with the theoretical behavior expressed
by Egs. (6), (2), and (3), respectively. The pre-
vious data®® are included as appropriate, as well as
Dumke’s calculated g(E) (in Fig. 2).

In Fig. 2 the functional dependence of all the ex-
perimental data is seen to agree well with Dumke’s
calculation, although the calculation refers to a
zero temperature. The measured values of @ in
Eq. (6) range from 26-35 V/cm compared with the
calculated®® @=25 V/cm. The ranges in E of agree-
ment between the data and the function e®/® are

Present data: 225 =E =425 V/cm;
McGroddy and

Nathan?; 225 =E =330 V/cm;

Ferry and Hein-
rich®:

Dumke’s theory®*:

250 =<E = 350 V/cm;
160 =E =280 V/cm;

Only the McGroddy-Nathan data extend to low

enough E to indicate a departure from ¢%® behavior.
Figure 3 gives the range of agreement between

the data and an exp(- C./E) dependence:

Present data: 300 <E <475 V/cm;

McGroddy and

Nathan: 250 <E =330 V/cm;

Ferry and Hein-

rich: 250 <E =300 V/cm.

From Eq. (4) and an estimate® of €;,~1.1¢,=0. 25
eV, values of \; may be calculated. These values
appear in Fig. 3.

Figure 4 shows that the present data at high fields
best fit an e C#/2% dependence. The upper limit in
E is given here by the maximum available applied
voltage and not by the deviation from an e C#/% de-
pendence. Equation (5) yields the magnitude of Ag,
noted in Fig. 4, as obtained using the value of ¢;
given above and a value® of €5=0.0244 eV, The
so-obtained magnitude of g is larger than its value
deduced at lower fields, Fig. 3; this result is dis-
cussed in Sec. IIIC.

C. Discussion of Results

The data are presented in Figs. 2-4 in forms
chosen to test the validity of the various theoretical
assumptions, namely, (i) peaked distribution func-

6(V/cm)

o 31
A 26
o 35
e 32

p-|nsb @® -

n-InSb

Sample Identification
0S242A5n
© 520-4C-1In
©W478 E-12p)

| L | L
400 600 800

E (V/em)

FIG. 2. Semilogarithmic plot of generation-rate data
for comparison with Dumke’s theory in the low-field
approximation.
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FIG. 3. Generation-rate data plotted for comparison
with an ¢"°L’E dependency.

tion, small-angle polar-optical scattering, and
“low” fields, Eq. (6); (ii) peaked distribution func-
tion and isotropic polar-optical scattering, Eq. (2);
(iii) symmetric distribution function and isotropic
polar-optical scattering, Eq. (3).

McGroddy and Nathan* concluded that their data
best fit an e®/® dependence, while Ferry and Hein-
rich® concluded that their data best fit an e °Z/%
dependence for E $330 V/cm and at higher fields
tended toward an e C#/E? dependence. The present
data, which cover the largest range in E, exhibit
a best fit to all three dependences in overlapping
field ranges:

for 225=<E=425V/cm, gxef?® .

)

for 300=E =475 V/cm, gxeL/E,
for 425 SES700 V/em, goce o#/%;

I

where the upper limit is a circuit limitation and not
the result of a fundamental bulk property.

Baraff’s criterion!? for the fields yielding a
peaked distribution function is E = €3/eX;~ 300 V/
cm for A,=0.8 um, Fig. 3. For E> €z/e, or

>>300 V/cm, the distribution function is symmetric.

According to the present data the transition toward
a Maxwellian (isotropic) distribution begins at ~ 425
V/cm, since in this range the data shift from ex-
hibiting an e dependence toward following an e!/ %
dependence.

The best fit of the present data to the various
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g (E) dependencies over the specified ranges in E
implies that the distribution function is peaked for
E 5425 V/cm and isotropic for E 2500 V/cm. The
significant decrease in the generation rate pre-
dicted by Dumke’s?? theory for high (>500 V/cm)

E arises from the increased importance of the term
involving diffusion in energy space. This results

in the assumed distribution function becoming more
isotropic, and so supports the conclusion that the
distribution function is probably isotropic for E 2 500
V/cm.

The A deduced from the high-E data, Fig. 4, are
larger than the values deduced from the lower-E
data, Fig. 3, as noted above. This result agrees
qualitatively with a theoretical prediction? that says
A, increases with energy €:

€1/2 €1/2
o oc (8)
R Sil’lh-l €1/2 In (ZGI/Z) .

The comparison between theory and observa-
tion at low fields is not sufficiently quantitative to
determine if the assumption of small-angle polar-
optical scattering made by Dumke? is closer to
reality than the isotropic polar-optical scattering
assumption made by the other authors. The pres-
ent data, however, suggest that as the applied volt-
age is increased, first small-angle scattering is
dominant in the impact ionization process, then

E (V/cm)
700 600 500 400
KNI e . ;
\\
®
N Ch (V/em)*  Ag(pm)
@\\ 0061x108 17
- ’ ©0.60 1.8
®0.82 1.5
109 -
g
]
(sec)
108 -
ge vy exp(-cy/e?)
B [9)
107 ! 1 . | ) |
1 3 5 7x10°
" _
E*(V/cm)™?

FIG. 4. Generation-rate data plotted for comparison
with an ¢H#/E dependency.
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isotropic scattering is most important, and finally
peaked distributions smooth into symmetric distri-
butions at sufficiently high fields.

A transient instability appears in the conduction
characteristics of n-InSb at high fields. This in-
stability, BNDC, is discussed in Sec. IV.

IV. BNDC

Two forms of BNDC are exhibited by semiconduc-
tors. One, known as the type-N or voltage con-
trolled BNDC, results in a decreased conductivity.
This appears in I-E characteristics as a decrease
in I and an increase in E; thus the curve resembles
the letter “N.” The other BNDC, known as the
type-S or current controlled BNDC, produces an
increase in conductivity. The associated I-E char-
acteristic displays an increase in / and a decrease
in E and so has the appearance of the letter “S”.

A. Gunn Type-N BNDC

A special type of N-BNDC, the Gunn effect, 2° is
observed in semiconductors having a particular
band structure. The possible occurrence of this
effect was proposed independently by Ridley and
Watkins® and by Hilsum®! for a class of semicon-
ductors having two conduction bands characterized
by different mobilities and spaced in energy such
that the lower energy band has the higher mobility
and the emission of optical phonons is the dominant
mechanism for energy relaxation in both energy
bands. They theorized that a sufficiently high E
would “heat” the electrons in such a band structure
enough to cause them to transfer to the higher-en-
ergy lower-mobility minima, thus causing a new
mobility decrease or a negative differential mobility
(NDM). Ridley®? explored theoretically the tendency
for a sample of such a class of semiconductors to
divide into high-field domains and low-field regions,
given a condition of NDM. Ridley and Watkins®*® ad-
ditionally pointed out that the direct band-gap sepa-
ration should be sufficiently large to prevent the gen-
eration of high mobility carriers by impact ioniza-
tion, a condition which overrides the effect of the
intervalley scattering.

In 1964, Gunn?® reported some current instabil-
ities (and voltage instabilities) in samples of GaAs
and InP that are now known to originate from the
Ridley-Watkins~Hilsum mechanism. The high-field
domains (HFD), found to form in samples exhibiting
NDM, can propagate in space from cathode to
anode® or be essentially stationary adjacent to the
anode. ®® The field may also either grow, remain
fixed, or decrease in amplitude.*3® The front half
of a HFD is a depletion region while the back half
is an accumulation region.3® Also, the ratio of the
peak field E ,,, within the HFD to the threshold field
E ., necessary to form the HFD can be quité high
(e.g., inn-GaAs, E,./Ey~ 35).%°
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A transient example of the Gunn effect has been
found® in #-InSb at atmospheric pressure and 77 K.
An earlier attempt®” to observe the Gunn effect in
this semiconductor had failed; the failure was at-
tributed to direct band-gap ionization dominating
over intervalley scattering because the higher-en-
ergy minima were believed to be too high in energy
to be populated before impact ionization dominated
the transport process. Later measurements’ sup-
port this explanation by showing that the separation
between the central (k=0) minimum and the next
higher (111) minimum is ~0. 45 eV, which is ap-
proximately twice the direct band-gap separation, 38
E,=0.23 eV. Smith ef al., ® nevertheless, con-
cluded that the Gunn effect does occur in z-InSb and
attributed the earlier failure to observe the N-
BNDC to the experimental conditions, namely rela-
tively small voltages applied for times long enough
to create large carrier densities by impact ioniza-
tion and so obscure the effects of any intervalley
scattering. They further suggested that the ability
to produce the Gunn effect in »-InSb implies that
the cross section for impact ionization is small
enough to allow carrier heating into the higher
minima. An earlier? estimate of the ratio of the
cross section for ionization to the total collision
cross section is 0. 05, a result which Smith et al.®
noted supports their suggestion. The possibility
that the observed NDM is caused by electron trans-
fer to higher-energy states within the nonparabolic
central band by means of intravalley scattering was
ruled out by invoking the results of pressure exper-
iments” and recent theoretical calculations. 3°

The presence of an N-BNDC in #-InSb is demon-
strated in Fig. 5 for 0.6 nsec<¢<3.5 nsec. The
two curves for £=1.0 and £=2. 0 nsec in Fig. 5(@)
show the characteristic “N” shape of the Gunn ef-
fect. Figure 5(b) contains I (t) and E (¢) for two ap-
plied voltages; V, is just below the threshold ior
N-BNDC and V,=1. 02V, is just above this thresh-
old. For times up to ~3 nsec V, produces an E
greater than V; does and simultaneously an I less
than V; does, another demonstration of N-BNDC.

B. Type-S BNDC

In 1966, Ancker-Johnson® reported the existence
of an S-BNDC in single-crystal n-InSb at 77 K.
Figure 5 shows S-BNDC for #>3.5 nsec and demon-
strates the temporal link between the N-BNDC and
S-BNDC observed in #n-InSb.® The conduction
curves in Fig. 5(a) for £=6 and 10 nsec have the
characteristic “S” shape associated with the in-
creased conductivity of the S-BNDC. Figure 5(b)
shows the transition time at which the enhanced
conduction begins (crossover points in the E curves
and in the I curves), namely 3.5 nsec. Once the
S-BNDC has formed, the average conduction con-
tinues to increase with time until a nonequilibrium
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FIG. 5. (a) Measured conduction
characteristics showing the temporal
relationship between N-BNDC and

S-BNDC. Data refer to sample No.
§20-4G-22n. (b) Current and field
applied strength (averaged over the sample
Va length) as functions of time. The
400 |- —4 voltage V; is just below the thresh-
old for N-BNDC and V, is just above
this threshold. The large —dE/dt
and +dI/dt at t=9 nsec are asso-
3 ciated with the arrival of a HFD at
300 applied the anode of the sample. Data re-
E(V/ ) A fer to sample No. S20-4C-22n.
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steady state is reached at £~9 nsec, Fig. 5(b).
The average conduction is seen in this figure to
increase with time between 0. 7 and 9 nsec for an
applied voltage exceeding threshold since E (¢) de-
creases and I(f) increases.

1. Model for Origin of Type-S BNDC

The S-BNDC present in #-InSb is created in the
wake of a propagating HFD and the increased con-
ductivity associated with the S-BNDC is caused by
strong impact ionization occurring in the HFD, as
briefly reported previously. ®

Figure 6 qualitatively represents the phenomenon.
Although parts of Fig. 6 are speculative, the
curves are closely related to the experimental re-
sults recorded in Fig. 5 (and Fig. 7).

In Figs. 6(a)and 6(p), E and %, the electron con-

centration, are shown as functions of x, length down
the sample current axis, for an applied voltage just
above Ey,. The time #; corresponds to the forma-
tion of the HFD; ¢, and {3 are subsequent times.

The conduction characteristics in Figs. 6(c)-(e)
show E averaged over three different regions of the
sample for the three different times used in all of
Fig. 6. Figure 6(f) contains typical I-V curves,
where V is the nonconstant (with time) applied volt-
age, and is similar to Fig. 5(@a).

The formation of a nonequilibrium HFD near the
cathode of a sample is depicted in Fig. 6 at £=1{,.
At its formation the field averaged over the sam-
ple length increases and the current decreases as
shown for £=0. 7 nsec in Fig. 5(b). The peak field
within a HFD, Fig. 6(a), is quite high (E 4.y 24900
V/cm; this value is discussed later in conjunction
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FIG. 6. Model for the occurrence of
S-BNDC. (a) Electric field strength as
a function of distance between cathode
and anode during domain formation and

transit. (b) Electron density as a func-
tion of this same distance. (c) Conduc-
tion characteristics with electric field
averaged over region I (cathode third of
the sample). (d) Conduction character-
istics with electric field averaged over
region II (middle of the sample). (e)
Conduction characteristics with electric
field averaged over region III (anode
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with Fig. 7), thus a strong avalanche commences in
the HFD by the time #; elapses, since the thresh-
old field for impact ionization, E,;, is only ~250
V/em. The current decreases at the formation of
a HFD because the partially depleted region of the
HFD, Fig.6(b), is the point of lowest density in the
sample, which together with the characteristic
carrier velocity, determines the current. (Diffu-
sion current is negligible on these nanosecond

time scales. )

According to this model, the density of electrons
and holes is increasing in front of the propagating
HFD because the field there also exceeds E;; (but
by much less than E ., ); Figs. 6(a) and (b). There-
fore, as the HFD propagates toward the anode, the
current increases because of the increasing carrier
density ahead of the HFD; Figs. 5(b) and 6(b). Si-

multaneously, E behind the HFD is decreasing, Fig.
6(a), as excess carriers generated by E ., increase
at a rate much faster than the current can increase.
Hence, in contrast to the current, the averaged
field decreases as the HFD propagates toward the
anode. This E decrease is seen in Fig. 5(b) for
0.7 nsec St <9 nsec, and in Fig. 6(a) for ¢, St S4s.
The effect of the decreasing field behind the HFD
considerably influences the conduction character-
istics averaged over different regions of the sam-
ple; Figs. 6(c)-(e). In region I, an N-BNDC char-
acteristic occurs at ¢, and an S-BNDC character-
istic at #, and £,; Fig. 6(c). In region II, no BNDC
occurs at £,, but at £, an N-BNDC is seen and at 3 an
S-BNDC occurs; Fig. 6(d). At ¢, regions II and MI
are unaffected by the HFD located in region I, thus
the conduction characteristics are simply monotonic;
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at f, , the HFD has not yet arrived at region III, so
there is no indication of any BNDC in region III for
t; and ¢,; Figs. 6(d) and (e).

Upon arrival of the HFD at the anode, the high-
field and associated depletion region disappear,
causing the field to drop sharply and the current to
increase simultaneously, as Fig. 5(b) for {=9 nsec
illustrates.

The study of a single type of BNDC, i.e., N-
BNDC or S-BNDC, is aided by choosing a circuit
condition that tends to maximize the change in cur-
rent or voltage that is associated with the particu-
lar BNDC. However, in order to observe the tran-
sition from an N-BNDC to an S-BNDC a circuit
condition that is neither constant voltage nor con-
stant current is most useful. Such a circuit was
used to collect all of the data pertaining to both the
N-BNDC and S-BNDC in this work. Our model also
assumes an applied voltage that decreases with
time, as seen in Fig. 6(a): The area under the
E(x), i.e., the applied voltage, decreases with ad-
vancing time.

The roots of this model lie in some particular ef-
fects associated with BNDC in GaAs. In 1966
Heeks® reported observing a steady-state infrared
radiation of band-gap frequency from high-resistiv-
ity n-type bulk GaAs samples exhibiting the Gunn
effect. This radiation he attributed to impact ion-
ization within the HFD associated with the Gunn ef-
fect. Also in 1966, Liu®® reported observing a
steady-state S-BNDC and infrared radiation from
low-resistivity #-GaAs for fields just above the
threshold for the Gunn effect. Through experimen-
tation with various sample lengths and resistivities,
Liu concluded that the S-BNDC observed at the
Gunn threshold was associated with the length and
the carrier concentration of the sample, but the
actual nature of the association was not proposed.
In 1967, Southgate®! reported the results of detailed
studies on excess-carrier generation and recom-
bination processes in #n-GaAs. He found that the
amount of ionization generated by a HFD depended
on the resistivity of the sample or, in other words,
on the thermal equilibrium density of electrons, n,.
Because of this either a steady-state N-BNDC or a
steady-state S-BNDC, but not both in one sample,
could be generated simply by using samples of dif-
ferent ny. A high-resistivity sample has a low ion-
ization rate and, therefore, few excess carriers
are produced by impact ionization within the HFD.
Thus, the conduction characteristics are little mod-
ified and the sample can still exhibit N-BNDC. A
low-resistivity sample has a high ionization rate
and hence copious excess-carrier production by
impact ionization, so it exhibits S- BNDC because
there are sufficient excess carriers present to re-
duce the average conductivity.

The reason that both N-BNDC and S-BNDC can be
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seen in the same sample of #-InSb, although neither
is a steady-state condition, is due in part to impact
ionization outside the HFD, a process which is not
present in n-GaAs. In #n-InSb, the density in front
of the HFD is continuously increasing with time
[Fig. 6(b)] because of ionization there, while the
field behind the HFD drops below E,; because of the
large number of excess carriers created by E
[Fig. 6(a)]. For early times, £33 nsec, the total
excess-carrier density is still low enough that a
net N-BNDC can be seen; Fig. 5(a). However, for
t>3.5 nsec, the excess-carrier density has in-
creased so much that only an S-BNDC can be seen;
Fig. 5(a) [compare ¢ 2¢, in Fig. 6(f)].

In n-GaAs, the steady-state condition of BNDC is
characterized by successive nucleation and prop-
agation of HFD, independent of the I-E character-
istic shape, N or S. This is because impact ion-
ization within the HFD is the only mechanism for
excess-carrier generation in such experiments.
Hence, a steady-state condition between generation
and recombination can be reached that still allows
formation of NDM. '

Smith et al. ® suggested that impact ionization
throughout a sample would prevent formation of the
Gunn effect in n-InSb, given a condition of NDM,
however, they did not conclude that domain propa-
gation can occur only once per applied power pulse.
This “single-transit” property of the HFD is an in-
herent feature of the here-proposed model for the
origin of the S-BNDC. The impact ionization in the
HFD occurs at a much higher rate than it does out-
side the HFD because the field within the HFD is so
much higher than the field outside it. Thus, even
if the domain propagation time is reduced by mak-
ing a very short sample (like the 600-um sample
Smith et al.® used), so that the effect of ionization
ahead of the HFD is minimized, another domain
would never be able to propagate in the wake of a
previous HFD because of the ionization generated
by the previous HFD.

Neither the N-BNDC nor the S-BNDC is a steady-
state condition in #-InSb because of the single tran-
sit of the HFD. Since only one HFD may propagate
over a given region of the sample, the Gunn effect
lasts only as long as a HFD exists. Because the
S-BNDC is produced by the ionization within the
HFD, when these nonequilibrium carriers decay
and no new HFD is formed, the S-BNDC decays.
Then the usual I-E characteristic associated with
impact ionization is observed: a curve that exhibits
positive slope at all field strengths. The decay of
the S-BNDC is discussed further in Sec. IV B3.

2. Experimental Evidence in Support of Proposed
Model for Origin of S-BDNC

In this section the results of four independent ex-
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periments are presented to demonstrate the validity
of the model just proposed.

a. Conduction measurements. Figure 5(a) shows
a series of I-E characteristics generated in a man-
ner previously described.® Two features of this
method were significantly improved during this work
and so are described here.

The necessity of measuring conduction character-
istics on short, namely, subnanosecond time scales
requires rather sophisticated triggering techniques.
A coaxial pulse generator, fitted with a mercury-
wetted relay, cannot be triggered externally be-
cause of the uncertainty in the closing of the relay.
Instead, a trigger signal must be taken from the
output of the pulser. The amplitude of this signal

varies with the amplitude variation of the output
pulse. K this signal is used to trigger a Tektronix
sampling oscilloscope with a 3T77 time base, the
time of triggering will change as the amplitude of
the trigger signal changes, due to inherent charac-
teristics of the oscilloscope. Since the dynamic
range of amplitude needed from a pulse generator
to generate data like that of Fig. 5(a) is typically
20:1, and such a range causes a shift in the time
of triggering of ~ 1.6 nsec, a great deal of care
must be taken to generate a fixed-amplitude con-
stant-risetime trigger pulse. A description of a
device designed to meet this requirement is found
elsewhere. 3

To eliminate undesirable ringing and to utilize
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FIG. 7. Current as a function of voltage for three regions of a sample (shown in Fig. 8) parametric in time for
The voltage scale for the upper left-hand curve ((=1 nsec and region I) is on a compressed scale; all
the other voltage scales are as marked on the bottom row of curves. Data refer to sample No. S20-4C-13n.

1=t=12 nsec.
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TABLE I. Properties, at 77 K, of the n-InSb single-
crystal samples used to investigate BNDC.

Sample Size 7o 7.

Boule No. (mm?® (10 cm=3)(10° cmz/Vsec)
S24-2A 6n 0.25x1.1x3.9 0.5 3
9n 0.3%x1.2x4.,0 0.5 3
S35-1F 11n 0.4X0.4X2.5 1.7 7
14n 0.7X0.7X6.0 1.7 7
ga 0.3X0.7x4.2 1.7 7
S20-4C 12n 0.2x0.4x2,5 2.7 2
13n 0.2X0.4%x2,5 2.7 2
22n 0.3X0.55%x3.9 2.7 2

the subnanosecond capabilities of the sampling sys-
tem, a 50-Q coaxial stripline sample holder was
developed for the BNDC measurements. Details
are found elsewhere. ¥ The overshoot in E seen in
Fig. 5() for 0.5 nsec is an unavoidable conse-
quence of the sample inductance plus the connecting
leadwire inductance. Though small (on the order
of 10 nH), these inductances combined with the typ-
ical sample resistance of 10  have an influence on
subnanosecond time scales.

The eight samples used to investigate BNDC were
studied in a circuit that was intentionally neither
constant voltage nor constant current, so that the
transition from N-BNDC to S-BNDC could best be
studied as discussed above. The physical proper-
ties of these samples are listed in Table 1.

Figures 7-10 (see also Fig. 2 of Ref. 8) show ef-
fects on the conduction properties of the transition
from type-N to type-S BNDC resulting from differ-
ences in HFD formation and propagation.

An example of domain propagation through most
of a sample has been shown previously (Fig. 2 of
Ref. 8). The collapse in transit of a HFD is dem-
onstrated in Figs. 7 and 8, and has been seen®’
also in n-GaAs. Such an event is expected from

the model, which has the HFD controlling the cur-
rent because it controls the minimum carrier con-
centration that occurs in the sample. Thus, as
stated above, as a domain propagates down the
sample and encounters an ever increasing carrier
concentration caused by ionization in its path, Fig.
6(), the current increases. As the current in-
creases, the additional voltage necessary to sat-
isfy the increased potential drop ahead of the HFD
is taken from the domain; Fig. 6(a). I the cur-
rent increases sufficiently to require a major por-
tion of the bias, the HFD cannot be sustained.

A large N-BNDC is seen, Fig. 7, in region I
(0.8 mm of a 2. 5-mm-long sample) at £=1 nsec.
By 3 nsec, an S-BNDC has been formed in region
I. It slowly decays and disappears by 200 nsec as
shown in Fig. 8, curve V;. However, E ., of this
HFD is sufficiently suppressed as it propagates so
that the domain does not last long enough to cause
significant impact ionization in region II, much less
in region III; thus an S-BNDC never appears in
these two regions, as Figs. 7 and 8 show.

The magnitudes of the voltage across region I
just before and just after the threshold for HFD for-
mation, Fig. 8, allow E ., to be estimated at an
early time, 1.0 nsec. The estimate is made by
finding the field intensities ahead E 4, and behind Ep,
the HFD, and by determining the lengths of these
parts of the sample. The magnitude of the field
where the HFD has not yet propagated is obtained
from the conduction characteristics just below
threshold. In Fig. 7 at #=1.0 nsec in region I the
voltage across the 0.8 mm is 20 V or E 4=250 V/
cm. The quantity E5 is found by noting that the
voltage across region I is 5 V after the HFD has
traversed it (f23 nsec), so Ez=63 V/ecm. The dis-
tance that the HFD has propagated by 1.0 nsec is
determined as follows: The data of Fig. 5(b) indi-
cate that a HFD is formed by 0. 7 nsec (this is a
typical value for the pulse risetime of 290 psec used

Volts

IIO FIG. 8. Current and voltage as
——— functions of time for the sample of Fig.

IIO 7. The decrease in Vi, associated with

Vi and Vypp, thus confirming the re-
sults shown in Fig. 7. The voltage
scales for Vi, Vi, and Vi are given
on the right-hand ordinate; the zero

is the same as on the left-hand ordinate.
Data refer to sample No. S20-4C-13n.

] the S-BNDC in region I, is not seen in
10

t (nsec)




5
200 H
4.8A
sl E
(V/em) £ 5.8A
6
L L 1 1 I 1
== -‘0 t (nsec 600
I 4
( A) t=20nsec
2 b
0 | |
0 100 200 300
E Vem)
FIG. 9. Conduction characteristics illustrating a

double S-BNDC at ¢=20 nsec. The inset shows E () for
two current levels, one associated with the S-BNDC at
I=4.8 and the other associated with the S~-BNDC at
I=5,8 A. Data refer to sample No. S35-1F-11n.

in this work); therefore by 1.0 nsec the HFD has
propagated 0.1 mm. The HFD width is $90 pm®
(it is typically 50 um in n-GaAs®). Since the field
intensities outside the HFD are now known as well
as the lengths over which they prevail, the voltage
distribution just after threshold can be determined:
V=25 V/mmx[0. 8-(0.1+0.09)] mm=15V, and
V5=6.3 V/mmx0.1 mm=0.6 V. The voltage acros:
the entire sample at 1. 0 nsec is 60 V at the HFD
threshold (Fig. 7, region I at 1 nsec), S0 E o5

= (60-15.6) V/9x107® cm=4900 V/cm or more if
the HFD width is smaller than 90 pm.

The data of Fig. 7 (and Fig. 2 of Ref. 8) pre-
clude the possibility of the S-BNDC being caused by
a current filament formation, a possible result of
NDM suggested by Ridley. 3 This possibility is
eliminated by the demonstrated propagating nature
of the S-BNDC. Any current filament formation,
according to Ridley’s arguments, would have to be
as instantaneous (<1 nsec) throughout the length of
the sample, as the HFD formation is in a cross sec-
tion of the length. Furthermore, Ridley’s model
could not possibly fit a case (Fig. 7) for the current
being pinched into a filament over only part of the
sample length.

The existence of multiple S-BNDC was briefly
reported®? in 1968, and an example of a double S-
BNDC is shown in Fig. 9. Multiple S-BNDC are
probably the result of the place of nucleation of a
particular HFD being at any place that a large field
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strength exists, wherever it may occur in a sam-
ple (e.g., defects in a sample would cause initial
nonuniformity in E). Thus, in a given sample, the
conduction condition at which a particular HFD is
nucleated depends on the amplitude of the applied
voltage and its distribution (nonuniform) in the
sample. For example, in the inset of Fig. 9, the
magnitude of the decrease in E at 4.8 A for an ap-
plied V; is less than the magnitude of the decrease
in E at 5.8 A for an applied V,. This implies that
fewer carriers are generated by the HFD associated
with V, (HFD 1) than by the HFD associated with V,
(HFD 2). The generation rate is probably approx-
imately equal in the two domains because the E .,
probably does not vary much from domain to do-
main as is true in®® #-GaAs and because the gener-
ation rate is relatively weakly dependent on E at
such high fields; Fig. 4. Then the conclusion is
that HFD 2 propagated over a greater distance in
the sample than HFD 1 propagated, and so HFD 2
must have been nucleated closer to the cathode than
HFD 1.

Smith et al. ® suggested that the risetime of the
leading edge of the applied voltage pulse should af-
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FIG. 10. (a) Electric field strength (averaged over

2.5 mm) as a function of time, for three different rise
times and applied voltages. The magnitudes of the ap-
plied voltages are just below those producing a HFD;
therefore, the maximum field for each rise time is very
nearly the threshold field for that case. (b) Conduction
characteristics at 9 nsec, demonstrating the fact that the
threshold field strength for formation of an S-BNDC is
highly dependent on the risetime of the applied voltage.
Data refer to sample No. S35-1F-11n.
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fect the formation of the N-BNDC; indeed as dis-
cussed above, too slow a risetime prevents its for-
mation. According to the proposed model of S-
BNDC formation, the risetime should similarly af-
fect the S-BNDC occurrence. Figure 10 shows the
results of a study designed to test this hypothesis.

Normally, the risetime of the applied voltage
pulse produced by the type of pulser used in these
experiments® is independent of the pulse amplitude,
since the characteristics of the coaxial line which
stores the energy used in forming the pulse are in-
dependent of the amount of energy stored (below
dielectric breakdown). In order to control the rise-
time of the applied pulse and so generate the data
in Fig. 10, a variable shunt capacitor (air dielec-
tric, 3-7 pF) was placed in the pulsing circuit close
to the sample. Increasing this shunt capacitance
increases the risetime of the applied pulse; further-
more for a given capacitance, the resulting rise-
time is again independent of the pulse amplitude.

Figure 10(a) shows the average field strengths
as functions of time for three differenc¢ risetimes
and applied voltages. The chosen applied voltages
in each case are just below those that produce HFD
formation (and subsequent S-BNDC formation). The
resulting field maxima are, therefore, essentially
equal to the Ey, in each case. The shortest rise-
time (£,=0. 50 nsec) and lowest applied voltage de-
velop a field intensity of 720 V/cm at threshold.

As Fig. 10(a) also shows, larger fields and longer
times are required for threshold with lengthening
risetimes. The influence of these risetime changes
on the S-BNDC at 9 nsec is shown in Fig. 10(b).
The S-BNDC occurs at increasingly higher cur-
rents and field intensities as the risetime is length-
ened. This threshold dependence is a result of im-
pact ionization occurring throughout the sample be-
fore HFD formation. As noted above, impact ion-
ization is in competition with intervalley scatter-
ing, thus the longer risetimes necessitate higher
fields to create NDM, a HFD, and subsequently S-
BNDC. Somewhat longer risetimes than used to
generate Fig. 10 result in so much carrier genera-
tion that intervalley transfer becomes negligible.

It is difficult to determine accurately the thresh-
old field strength E;, necessary to create BNDC ef-
fects, because the risetime influence just discussed
tends to make the observed E; larger than it really
is. Furthermore, slight nonuniformities in initial
conductivity caused, for example, by random crys-
tal defects, result in the measurement of too small
an E,. This erroneous measurement occurs be-
cause random defects are the sites of higher fields
than the average and so sites for NDM initiation.
Since these initiation regions are generally much
smaller than the regions in which the E is mea-
sured, too small an E,, is observed.

The effects of these two sources of error tend

to cancel so the average of many E, observations
is probably more accurate than the range in mea-
surements indicates. The value obtained from the
present work is E.,~ 500 V/cm. The range in ob-
served E, is 250-770 V/cm for £,=0. 3 nsec.
Smith et al. ® estimated E,,~ 600 V/cm and Faw-
cett and Ruch® calculated E,~ 525 V/cm.

The ratio E ., /E,y, is thus 4900/500~ 10. In n-
GaAs this ratio has been found®® to be 235. The
low value in InSb is another indication of the com-
petition between ionizing collisions and intervalley-
scattering collisions.

b. Radiative recombination measuvements. It
was proposed in Sec. IV B1 that the increase in
conductivity associated with the S-BNDC results
from copious excess-carrier generation by a HFD.
The purpose of this section is to present addition-
al data which demonstrate that excess-carrier gen-
eration is responsible for the S-type instability.

The presence of excess carriers in #-InSb at 77
K can be determined by detecting photons of band-
gap wavelength ~5 um that are produced by the di-
rect recombination of electrons in the conduction
band with holes in the valence band. Several au-
thors have reported making such measurements.
The radiative recombination flux ® is related to the
carrier density in the following manner:

dan

&=or=Rnp, (9)
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where R is the radiative recombination rate, and »
and p represent the electron- and hole-carrier den-
sities, respectively.

The rapid changes in conduction associated with
BNDC require a radiation detection system with a
fast response time, thus a solid-state detection sys-
tem was developed to measure 5-um radiation that
has the following specifications®: a 35-nsec rise-
time (27-73%), a peak signal-to-noise ratio of
~40:1, an average noise-equivalent power of ~ 101
W, a spatial resetability of 10 um, a spatial resolu-
tion of ~100 um, and a temporal resolution of 10
nsec. The temporal resolution is limited by the
gate width of the boxcar integrator. The sensitive
area of the detector, 3 mm in diameter, was scaled
down through a lens to a sampling area ~0.5 mm in
diameter.

The spatial distribution of ¢ over the surface of
a sample of n-InSb at 77 K for a constant current
(16 A) and time (170 nsec) is shown in Fig. 11. At
this current the sample is stably biased just above
the threshold for S-BNDC and at this sampling time
® is maximized in this particular case. Both the
cross scan ¢(Y), and length scan ¢(Z), show & to
be relatively constant over the surface area. These
data and the similar results obtained at higher cur-
rents (not shown) provide the absolute spatial ref-
cerence for the measurements given below.
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If a HFD domain is responsible for the production
of copious excess carriers, then the radiative re-
combination of these carriers is expected to pro-
duce a significant increase in ® coincident with F
reaching the threshold for the S-BNDC. Figure 12
shows this correlation.

The I-E characteristics in Fig. 12 demonstrate
the presence of an S-BNDC for a threshold current
of 13 A. The “ragged” appearance (compared with,
e.g., the I-E curve in Fig. 9) of the 80-nsec I-E
curve for 15 A<I 523 A is caused by the point of
domain nucleation from pulse-to-pulse varying as
the applied voltage is increased. Thus the amount
of carrier generation, and hence the magnitude of
the decrease in E, varies as I increases. This in-
cidental feature is of no import in the radiation
measurements. The conduction characteristics
show no significant change for £ >270 nsec, so sig-
naling the establishment of the nonequilibrium
steady-state impact ionization condition. The in-
sets (@)-(c) in Fig. 12 show ® as a function of cur-
rent for sampling times correlated with the sampling
times of the I-E characteristics. The precipitous
increase in ® at 13 A, the threshold for the S-
BNDC, shows the marked increase in carriers as-
sociated with the formation of the S-BNDC.

Also apparent in Figs. 12(d) is adiscontinuous in-
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crease in & at /=520 nsec, which is not accompanied
by a corresponding decrease in E (the steady-state
is established before this time as stated above).
This increase in & is interpreted to mean that there
are still excess carriers present above that num-
ber required to satisfy the circuit current require-
ments, yet these carriers do not affect E. These
excess carriers do not affect E, to 2 300 nsec, be-
cause when they were generated E decreased, re-
sulting in an increase in conductivity just from the
carrier cooling. As the excess carriers begin to
decay, the conductivity begins to decrease, causing
E to increase, which further reduces the conduc-
tivity by heating the carriers and contributes to the
disappearance of the S-BNDC apparent in the I-E
characteristics. The carrier heating can be a large
effect. Glicksman and Hicenbothem! have shown
that the electron mobility (u,) at 30 V/cm is three
times larger than p, at 300 V/cm. Hence, the de-
cay of the S-BNDC does not reflect the decay of the
excess carriers which produced it. Excess-car-
rier decay is discussed further in Sec. IVB3.

By ¢=800 nsec, Fig. 12(e), there is no detectable
radiative recombination present that can be attrib-.
uted to the carriers which produced the S-BNDC,
although there is significant light flux caused by the
radiative decay of excess carriers generated by
jonization throughout the sample, as expected. 43

The technique demonstrated in Fig. 10, used to
cause E, to increase by lengthening the risetime of
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FIG. 12. Conduction characteristics parametric in

time, illustrating the presence and decay of S-BNDC.
The insets (a)—(e) show the associated radiative recom-
bination flux ¢ for the same times as used to sample the
conduction characteristics. Data refer to sample No.
S35-1F-ga.
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FIG. 13. Field intensity and radi-
ative recombination flux as functions of
current for t=100 nsec. Conditions “4,”
“B,” and “C” are associated with the
risetime (t,4<t,p<t,c) of the applied
voltage, similar to the data of Fig. 10.
Data refer to sample No. S35-1F-ga.
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the applied pulse, enables another demonstration of
the correlation between S-BNDC formation and si-
‘multaneous increase in ®. In Fig. 13, ® and E are
shown as functions of current for a constant obser-
vation time, 100 nsec, and three different pulse
risetimes. It is clear that a large flux of excess
carriers attends the S- BNDC threshold.

The finite-domain propagation velocity, (3-4)
%107 cm/sec, results in a time dependence of the
generation of excess carriers by a HFD. This
means that radiation generated at the cathode end
of a sample is generated earlier in time, relative
to the application of the bias, than radiation gener-
ated at the anode end. Hence, there is a delay in
the arrival time at the detector of the half-ampli-
tude point of ®, measured as a function of increas-
ing Z, as previously reported.®

c. Modification of low-field conduction by the
S-BNDC. Another demonstration that carrier gen-
eration is responsible for the S-BNDC arises from -
a special low-field conduction-measurement tech-
nique. Southgate*! used this type of measurement
to determine excess-carrier lifetime in n-GaAs
and various modifications of this technique have
been used previously. 47

Since the excess carriers generated by the HFD
have a finite lifetime (see Fig. 12), it is possible
to detect their presence in low-field conduction
characteristics. First, a voltage (V,) high enough

600

to establish a condition of NDM must be applied to
a sample for a long enough time (~ 10 nsec) to allow
propagation of a HFD through the sample, thus pro-
ducing a copious quantity of excess carriers
throughout the sample. Then, if the applied voltage
is quickly (51 nsec) reduced to V,, a value well be-
low the threshold for ionization, any super-Ohmic
conduction detected during the application of V, can
be attributed to the presence of excess carriers
generated during the first, high-voltage, part of the
applied voltage pulse. (Injection is a negligible ef-
fect for voltages of the magnitude of V,.)

Figure 14(a) shows the presence of an S-BNDC
during the high-amplitude (V= V;) part of the pulse.
After 10 nsec have elapsed, the amplitude of the
applied pulse is reduced to V,=% V; by the use of a
reflected signal. The details of how the applied
pulse is generated are given elsewhere’®; an exam-
ple of the pulse shape is given in the inset of Fig.
14(a). Conduction characteristics generated at two
specific times during the stepped-down portion of
the applied pulse are shown in Fig. 14(b).

The fact that the maximum value of V, does not
generate excess carriers by ionization is clear from
Fig. 1(b); those data demonstrate that the conduc-
tion characteristics for a flat-topped pulse (V,=V,)
with E<50 V/cm and for 30 nsec #5900 nsec ex-
hibit only Ohmic and sub-Ohmic conduction (hole in-
jection is negligible compared to the effects dis-
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FIG. 14. (a) Conduction characteristic for {=5 nsec,
generated during the high-voltage (V) part of the applied
pulse, an example of which is shown in the inset. Suc-
cessive data points correspond to 6-V increments in V;
amplitude. Data refer to sample No. S35-1F-11n. (b)
Conduction characteristics for £ =40 and 500 nsec, gener-
ated during the low-voltage (V,) part of the applied pulse.
Successive data points correspond to 6-V increments in
V; amplitude as they do in (a).

cussed in this section).

Successive data points in Figs. 14(a) and 14(b)
correspond to 6-V increments in V;; observing
these increments allows correlation between con-
duction properties in the first part (f <10 nsec) and
in the second part (f >10 nsec) of the applied pulse.
In Fig. 14(a), the hot-electron effect is seen for
105 V,542V. This effect is not seen in Fig.

14 (b) because V, is too low to cause carrier heat-
ing, and the carriers that were heated for /<10
nsec have cooled off on a time scale of ~ 1072 sec.
The beginning of carrier generation, seen in Fig.
14(a) for 42<V,<96 V, is also apparent in the ¢
=40-nsec curve of Fig. 14(b) as nonlinear conduc-
tion, but is not apparent in the ¢{=500-nsec curve.
This lack of nonlinear conduction results because
the carriers, generated during the first 10 nsec of
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applied power by ionization at a field less than re-
quired for BNDC but greater than that required for
impact ionization, have almost completely decayed
away by the time the 500-nsec curve was recorded.
This technique of measuring excess-carrier life-
time is discussed in more detail in Sec. IV B3.

The result of most importance in this section is
as follows: When V; exceeds 96 V, an S-BNDC is
established as illustrated in Fig. 14(a). The S-
BNDC is seen also in the conduction curves of Fig.
14(b) and is precisely correlated with its occurrence
during the high-voltage portion of the applied pulse.
Since the S-conduction characteristics in Fig. 14(b)
occur at E <30 V/cm, a magnitude far below Ey,
these results establish that the occurrence of an
S-BNDC requires excess-carrier generation.

d. Hall-effect measurements. A well-known
technique used to determine carrier concentrations
in semiconductors is the Hall effect. Charge car-
riers moving in orthogonal electric and magnetic
fields are forced to a surface in the third direction,
causing a potential to be developed known as the
Hall voltage V. Inz-InSb Vj is related to the net
exc?ss free-carrier density in the following man-
ner®:

Vi —~1I/ny, for uB<1, (10)

Vi —I/(ng=p,), for uB>1, 1)

where n,; and p; are, respectively, the free-car-
rier densities of electrons and holes, B is the mag-
netic field, I is the current, and u is the carrier
mobility. The analysis of Hall-effect data in #-InSb
at high fields is complicated by the large mobility
ratio p,/p,~ 30-100 and the hot-electron effect.
Also u, and, to a lesser extent, u, are functions

of E and B. These equations are only valid if the
stated conditions are fulfilled for both u, and i ,.

V4 measurements in #-InSb during S-BNDC have
been reported by Heinrich and Miiller, *° but were
not interpreted in a manner consistent with the
present model for the origin of the S-BNDC. One
set of their measurements at =20 nsec for 500
<B 52000 G shows a sharp decrease in V, at a cur-
rent coincident with the sharp E decrease in the
conduction curve that attends the S-BNDC. For the
two lowest values of B they used, 500 and 750 G,
wB <1 so Eq. (10) is valid (for their applied fields,
K, ~1.1x10° cm?/Vsec? and so u,B <1 for B 900
G). The sharp decrease in Vy (note that the current
is held essentially constant) is now seen, there-
fore, to be the result of a sharp increase in ny, as
the S-BNDC is established.®® Thus once again, the
origin of the S-BNDC has been shown to be related
to an increase in the excess-carrier density.

3. Decay of Excess Carrievs

After a finite time the S-BNDC decays, leaving
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FIG. 15. (a) Conduction characteristics at ¢=20 nsec

for a sample prepared first with high-loss (high-vs) sur-
faces and then with low-loss (low-vg) surfaces. The
insets (b) and (c) show the E(¢) associated with particular
current and surface conditions. Data refer to sample No.
WS85B-4n.

just conventional ionization in the nonequilibrium
steady state (Fig. 12, I-E curve for =270 nsec).
The ionization process which produced the S-BNDC
is a transient effect since a HFD makes only one
transit per applied-voltage pulse through the sam-
ple. As was pointed out in connection with Fig. 12,
more than just the decay of the excess carriers
produced by the HFD is involved in the decay of the
S-BNDC. It is a complicated process involving alsc
the hot-electron effect and generation outside the
HFD. The modes by which the excess carriers de-
cay can be radiative and/or nonradiative, through
bulk traps and/or surface damage-layer traps. In

60 150nsec 250 g5op
ok 800 1200
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0 | 1 1
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FIG. 16. Conduction characteristics parametric in
time, generated by the stepped pulse shown in the inset
of Fig. 14(a). These data show the decay of excess
carriers generated by ionization throughout the sample
(E <Ey,) and excess carriers generated by a traveling
HFD (E=Ey). The sample length is 2.5 mm. Data
refer to sample No. S35-1F-11n.
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TABLE II. Measured decay times of carriers pro-
duced by impact ionization throughout the sample (E <E,)
and during the transit of a high-field domain (E= E\,).

E<Ey E=Ey
Sample 4 nsec)  ty(nsec) ti(nsec) ty(nsec)
S24-2A-5n 26 160 17 130
S35-1F~11n 28 88 39 129
$20-4C-12n 13 120 39 145

this section are some measurements of the decay
of excess carriers generated by impact ionization.
a. Role of surfaces. Surface properties play an
important role in the decay of nonequilibrium car-
riers in InSb.!* This is readily shown by observing
nonequilibrium carrier decay in samples whose
surfaces have either a relatively high recombina-
tion velocity v or a relatively low v,. " Surfaces
with a relatively high v, are made by mechanically
polishing the InSb with a 0. 3-um grit. This polish-
ing technique creates a damage layer at the surface
of the sample at least 0.4 pum deep®? but probably®
less than 3 um. Then, v, is reduced by etching
~10 um of material from each of the mechanically
polished surfaces with a lactic-acid etch. 5

1000

T,=18nsec

100

0.

t (nsec)

FIG. 17. Normalized excess-carrier densities as
functions of time. From these data, two lifetimes 7,
and 7, are apparent. Data refer to sample No. S24-2A-5n.
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Figure 15 shows the effects of different types of
surfaces on the same sample, in both the conduction
characteristics and in E as a function of time. A
current of 31 A in a sample with low-v, surfaces
produces an S-BNDC that persists for ~1.0 usec;
Fig. 15(). At this current level, however, the
same sample prepared with high-v surfaces ex-
hibits no S-BNDC, Fig. 15(a), because the car-
rier losses are so high. When the voltage applied
to the sample with high-v, surfaces is increased
sufficiently to trigger formation of a HFD in it, at
40A, the excess carriers created by the HFD decay
in 0.7 usec; Fig. 14(c).

b. Lifetime measurements. One approach to
measuring the decay of excess carriers in a sam-
ple that experiences large conductivity changes em-
ploys the stepped pulse described in Fig. 14. As
was pointed out in Sec. IVB2c¢, any carrier gener-
ation mechanism, such as injection and/or impact
ionization, that occurs during the high-amplitude
part (£ <10 nsec) of the applied pulse is detectable
as super-Ohmic conduction in the low-amplitude part
of the pulse, £ <10 nsec. The problem of carrier
sweepout is reduced to a minimum by keeping the
E low, always <30 V/cm, so that the ambipolar
drift®® is <750 um during the decay measurements.

Figure 16 shows conduction characteristics gen-
erated using the stepped pulse. Two types of non-
linear conduction are seen: that due to excess car-
riers created during the application of V, [inset in
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Fig. 14(a)] by impact ionization throughout the sam-
ple at a field E,, <E <Ey;,, and that due to excess
carriers generated during the application of V, by
impact ionization in a HFD, E 2E,,. Both types of
nonlinear conduction decay with increasing time un-
til, at 1200 nsec, the conduction is simply linear.

The decay of excess carriers may be described
as exponential, as shown in Fig. 17. The three
samples for which such data were collected all ex-
hibit two distinct lifetimes 7, and 7, for both E <E;,
as illustrated in Fig. 17. The values of the mea-
sured lifetimes are given in Table II. The shorter
lifetime 7;~ 27 nsec persists for ~ 150 nsec. Car-
rier sweepout is negligible during this time (ambi-
polar drift ~ 180 um compared with a sample length
of 2. 5 mm), thus 7, is probably characteristic of
the impact ionization decay, whereas 7, may be
significantly affected by sweepout. Insufficient
measurements have been made to conclude if 7, is
significantly different for E<E;,and E2E,,. Fur-
thermore, the results presented here should be
correlated with other types of nonequilibrium car-
rier-decay measurements in InSb before an inter-
pretation of these results is attempted.
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We have studied the zero-bias—conductance-peak anomaly in a Ta-I-Al tunnel junction over
a magnetic field range of 1 to 90 kG at a temperature. of 0.3 K, and have made a detailed com-
parison between experiment and the s-d exchange theory of electron tunneling. Good agree-
ment between theory and experiment was obtained for the line shape of the conductance peak
and its zero-bias temperature dependence. The line shape of the conductance curves found
experimentally at high magnetic fields agreed reasonably well with the theory if magnetic-field-
induced lifetime broadening was included. There was, however, a serious discrepancy between
theory and experiment for the zero-bias magnetoresistance.

INTRODUCTION

The occurrence of zero-bias—conductance-peak
anomalies has been extensively studied inthe past.'™
Three types of junctions exhibit this phenomenon.
The first kind involves a transition metal as one
electrode of the junction, such as Ta-I-Al and Nb-
I-Al. The second kind consists of tunnel junctions
like Sn-I-Sn or Al-I-Al with copper or transition-

metal impurities as dopants in the insulating oxides.

The third kind consists of metal-semiconductor
junctions or semiconductor p-» junctions, whose

conductance peaks originate from the impurities in
the semiconductors. It is now generally assumed
that these anomalies are due to the exchange scat-
tering of tunneling electrons by magnetic impurities
in or near the insulating barrier. Comparison be-
tween experiments and theory indicates qualitative
as well as some quantitative agreements. A nat-
ural way to study this effect is to apply a strong
magnetic field, which splits the spins into their
Zeeman levels, thus modifying the conductance of
the junction. In the meantime, the temperature of
the junction is maintained as low as possible to re-



