The Journal of National Chiao Tung University
Vol I, April 1976
pp. 103-122

iz AR R o dri
Quasi-Static Transport Characteristics of Indium Antimonide

#£ & Chun Tsai

Department of Electronics Engineering

(Received December 31, 1976)

ABSTRACT — The I-V characteristics of over 150 bulk InSb single
crystals at 789K have been measured. These samples, lmm x Imm in
cross section and 0.4 to 13mm in length, are of either the p- or n=
type with carrier concentrationm ranging from 2.5x1013 to 2,1x10
Jem3., These multi-valued I-V characteristics were found to be highly
non-linear, with as much as four distinct regioms each of which can
be attributed to a different tramsport mechanism. Furthermore,these
characteristics were found to be dependent not only on the carrier
type and doping demsity of the sample but also on the contact materi-
al (In or Sn) used. A theoretical explanation of the observed be-
havior will be presented.

l. Introduction

Although high frequency generation in the range from a few
MHz [1-2] to some 100 GHz [3-4] in InSb has been reported by a num-
ber af investigators [5-6] a totally satisfactory explanation of
the associated phenomena has yet to be formulated [7] . As to the
investigation of the static properties of InSb in the absence of a
magnetic field, very little has been reported; Eastman [8] has per-
formed some static experiments with a sample 3 mils in length. 1In
order to better understand the transport mechanisms in InSb, we un-
dertook an extensive investigation of its quasi-static properties.
Brief reports of our investigation have been presented previously
[9-10].

The I-V characteristics of 158 bulk InSb single crystals, 1lmm
x 1lmm in cross section and 0.4 to 13mm in length, with n or p-type
carrier densities ranging from 2.55:1013 to 2.1x1016/cm3, have been
measured at 78°K. TFor some combination of doping, carrier type,
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and contact material, the current first inereases linearly, then
saturates as the voltage is increased. For still higher applied
voltages, the current increases rapidly giving rise to a negative
differential resistance (NDR). For other cases, current first in-
creases nonlinearly with voltage and then pass directly into the NDR
region. Current saturation can be explained by intra-valley scat-
tering while the negative resistance is attributed to an avalanche
phenomenon. When a pulse source voltage and a magnetic field is
applied to the sample, large amplitude current oscillations in the
30 Mc/sec region can occur [9-10].

For multi-valued I-V characteristics such as those associated
with InSb the shape of the observed curve is dependent upon the va-
lue of external resistance. This phenomenon can be understood by
referring to Fig. 1 which is & representative sketch of the true
and the observed I-V characteristic of a class of InSb samples at a
given external resistance. The positive directions for I and V in
the figure have been chosen for easy comparison with experimental
curves obtained using a tramsistor curve tracer to be presented
later,

In Fig. 1, the true I-V characteristic is sketched as a solid
curve. For a given value of the external resistance Re.the obser-
ved I-V curve is indicated by a dotted curve wherever it departs
from the true curve. Starting from a zero source voltage (corres-
ponding to the iditial point at the origin, Vd=I=0), the current I
and the sample voltage Vd both increase as the Source voltage VS is
increased until point A is reached. At this point; values of I and
Vd corresponding to those at point A changes to those corresponding
to point A' with no additional increase in VS. The straight line
segment A-A' simply corresponds to the load line whose equation is:

where VsA is the source voltage corresponding to point A. In other
words, the slope of the load line is given by -1/Re. Thus, if the
true curve at point A is truly discontinuous, an Re approaching zero
in value will be required in order for the observed curve to faith-
fully follow the true one. From A' to B the current I is constant
as VS is increased and the observed and true curves coinecide. With
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no further increase in Vg at B, the values of I and Vq Jjump from
those corresponding to point B to those corresponding to point B'
In other words from B to B', the observed line segment, whose slope

is given by -1/R again departs from the true curve. For the ob-

,
served and true gurves to coincide here it would be necessary to
increase Re until -1/Re is equal to slope of the upper branch of
the curve at point B. If Vs is increased further, the observed and
true curves, with increasing I, again coincide,

Now, if VS is decreased, the observed and true curves remain
coincident until point G is reached at which point a jump from G to
G' following the load 1line again occurs. To faithfully follow the
true curve from G to B, it would alsc be necessary to increase Re
untii l/Re is equal to the slope of the upper branch of the curve
at point B. If Vs is decreased still further, I remains constant
until point H is reached at which point a jump from H to H' follow-
ing the load line again occurs. If the discontinuous segment of
the curve H-A were to be observed, we see that a zero Re is requir-
ed. As Vs is reduced to zero, the observed and true curves again
coincide, from point H' to the origin.

To summarize, it is necessary to change the value of Re dur-
ing the course of measurement if the entire true curve were to be
observed. This procedure was followed in all the measurements re-
ported here. It must be emphasized, however; that since Fig. 1 is
a plot of the current through the sample v.s. the voltage across
it, all portions of the observed characteristic regardless of the
value of Re, except for the load lines between discontinuities,
constitute true, though incomplete, representations of the I-V re-
lationship of the smaple,

Il. Experimental Results

1. Specimen

Six kinds of indium antimonide samples were used <{in our expe-
riments. They were all single crystals, but were different in type
and degree of doping, designated by the abbreviated terms PH, PM,
PL, NH, NM, and NL. The first letter, P or N, indicates the type
of doping. The second letter, H, M or L, stands respectively for
relatively high, medium, or low level of doping concentration. A
total of 158 samples were cut from six ingots in the form of bars
approximately 1mm x lnm in cross-section and with leugths varying
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from less than a millimeter to more than ten millimeters in the
[211] direction.

Fig. 1. True and observed I-V characteristics showing

influence of external resistance.

The samples were subjected to a chemical treatment after they
were cut from an ingot to remove the attached abrasive material
during cutting. First the samples were soaked in deionized water
for a short while and then bathed in acetone for a couple of seconds
and then the procedure was repeated two more times. Just before a
sample was soldered and mountedon a coaxial cable, both of its ends
were etched in CP-4 solution for a short time, then rinsed with
deionized water and dried with nitrogen gas. The soldering material
was pure indium for most of the samples. Only 15 samples were sol-
dered with pure tin to study the influence of contact material.

Data on the important bulk electrical parameters of the six
types of InSb crystals are listed in Table 1. Also given in the
Tablexare the length ranges and the number of samples in each group.

2. Results

A schematic diagram of the experimental set-up is shown in
Fig., 2. Here Rx is the variable resistance while the external re-
sistance Re is equal to the sum of Rx' RI and the output resistance
of the power supply. Six typical I-V curves representing six groups
of different samples with indium contacts are shown in Figure 3
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through 8 while Fig. 9 shows the influence of using tin as contact
material. Because six kinds of InSb and two kinds of soldering
materials were used, these I-V curves are different from one another.
However, regardless of what kind of InSb or solder is used, they
all have a branch of negative differential resistance (NDR). In
general, two basic shapes are found for samples with pure indium
solder. They are: (1) a linear relationship between current and
voltage in the low current range, then a constant current line, and
then an NDR branch, and (2) a bent curve starting from the origin
followed by an NDR branch. For samples with pure tin solder, the
I-V. curves are not consistent enough to be described in general
terms, especially for the PH and PM groups. However, all n-type
group samples with tin solder start with a linear segment in their
I-V curves, as exemplified by the curve of Fig. 9 for a sample form
the NL group with tin contacts.

Power OT—Wiw

uppl
SUPPLY 5 1 —aaaany 1£

Ri=1Q
Dewar ) fr

5 Liquid \_

1 Nitrogen

X —Y o— \ (
Recoider T Sample

O

Vdao——_

Fig. 2. Experimental setup for quasi-static investigation,
3. Discussion of Results

In this section, the linear segment, the jumps, and the cons-
tant current line are discussed. The NDR branch (due to avalanche
breakdown) and a bent I-V curve at low currents (due to p-n junec-
tion fomafion at the contacts) are related to the theory to be de-
veloped in Seection III and will therefore be discussed later.

(1) Linear Segment

As can be seen from Figures'..’i through 5, p-type samples using

indium solder have straight I-V curves at low currents. On the other
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hand, for tin solder, this portion of the I-V characteristics may
be straight (see, e.g., Fig. 9) or bent, depending on the carrier
concentration involved. These observations indicate that the con-
tact material has a strong influence on the transport characteris-
tics of InSb at low voltages.

If the influence of surface states due to termination of the
lattice and the existence of oxidation and impurities at the sur-
face can be neglected, whether a metal-semiconductor contact is
ohmic or rectifying depends in principle only on the relative values
of the work function of the metal and semiconductor in question.
However, due to the high density of surface states, the rectif&ing
properties of metal-semiconductor junctions are usually independent
of the values of the work functions. In the case of InSb with in-
dium or tin solder, the situation is even more complicated.

Indium has three valence electrons and therefore can be con-
sidered as a p-type material relative to InSb. Since the tempera-
ture in the soldering process is high, heavily-acceptor alloyed re-
gion containing In and InSb can exist at the contacts. Thus, if the
InSb sample is of the highly doped p-type, the effect of the resul-
ting ohmic contact should be small. Indeed, the resistance calcu-
lated from the linear portion of the I-V curve for the 49 samples
in the PH group, in practically all cases, agrees with the resis-
tance calculated from bulk resistivity to within +5%.

For PM and PL groups, the interfaces become sources of holes
to the bulk InSb. Thus, the conductivity should improve as demon-
strated by the fact that the experimental resistance is smaller than
that calculated from bulk resistivity. It has also been noted that
as the sample length increases, these two resistance values are clo-
ser to each other, as the contact effect becomes less and less im-
portant with increasing sample length. For n-type samples the in-
terface is a junction, and the associated phenomenon will be dis-
cussed in the next section.

Tin has four valence electrons. It is a neutral impurity re-
lative to InSb. A comparison of measured resistance and calculated
resistance shows that pure. tin solder gives samples of both carrier
type a Dbarrier, especially for the NH group. In the latter case,
the barrier resistance is much larger than the bulk resistance. For
the PL group,the curves are bent and the calculated resistances are
very large and it is difficult to see the contact effect. For the
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remaining groups, the barriers are not high and straight I-V lines
result.
(2) Jumps A-A', B-B' and H-H'

The A-A', B-B' and H-H' 1lines represent unstable paths and
there are no stable points on them. In addition, the jump points
are very much dependent on external resistance as discussed in Sec-
tion I. Indeed, in every case, it can be easily verified that the
slope of these lines is equal to -I/Re where Re is the external re-
sistance. Also, as anticipated from our discussion in Section I,
there is hysteresis associated with these jumps; the size of the
loop depends again on Re.

A number of explanations can be advanced for this jump pheno-
menon. One plausible explanation isbased on intra-band transitions.
According to Fig. 6 of the forthcoming paper by Chelikowsky, Chadi ,
and Cohen, the valence band edge at E¥O is two-fold degenerate when
spin-orbit coupling is included. [11] When k departs from the (000)
point, however, three different 32E{ 3k2 values are possible. This
gives rise to three different effective masses m*¥., At zero electric
field, the holes occupy up to the same energy level in all subbands.
When an electric field is applied, however, —l:cha.nges and holes
tend to preferentially occupy lower energy levels. This effect is
strongest for the subband with the lowest m*. Due to the quasi-
static nature of the experiment, the intra-band scattering mechanisms
tend to maintain the relative population of the subbands constant
as the electric field is increased. Thus, I should increase linearly
with Vd1u}tothe point A of Fig. 1. However, at the electric field
corresponding to point A, the scattering mechanisms are no longer
able to maintain the relative population of the subbands and an
abrupt transition of holes from the band with the lowest m* to the
one with next highest m* occurs, giving rise to a sudden decrease
in the current at A, as okserved within the limits of resolution of
our experiment. .

(3) Constant Current Line A-B'

If the.eléctric field is increased further, the current is ob-
served to stay constant, independent of Vd. This can be explained
by noting that for the doping level considered, the relative popula-
tion of the two bands can change in such a way, via bilateral scat-
tering, as to maintain the total current cohstant irrespective of
electric field.
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The explanation advanced above should be most noticeable for
PH group samples, as observed, Furthermore, YAshoulddecrease with
increasing concentration, also consistent with experiment (see Fig.
10). For three of the PH group samples, a second abrupt drop in I
occurs between V.A and VB, presumably indicating a transfer of holes
to the subband with the highest m*, IfVA is larger than the vol-
tage required for avalanche breakdown, no abrupt change in I occurs
as is the case for samples in the PL group.

No similar degeneracies occur at the conduction band edge and
the separation between energy minima is too large to allow Gunn type
transitions. Therefore, we expect no abrupt change in I for n-type
samples with indium contacts, as observed.

(4) Avalanche Breakdown

When the sample'voltage reachesthevalueVB,theelectric field
at the contact regions may be quite large in the vicinity of surface
imperfections. If its value is sufficiently high (note that 1V across
100 % gives an electric field of 106 v/em!), carries emerging from
this region can have sufficient velocity to cause cumulative elec-
tion hole pair creation and associated avalanche breakdown. This

phenomenon is further studied in the next section.
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Fig. 3. Quasi static characteristics of InSb measured with
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Fig. 5. Quasi-static I-V curve of a typical sample from
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Fig. 6. Quasi-static I-V curve of a typical sample from
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Fig. 7. Quasi-static I-V curve of a typical sample from
the NM group.
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Fig. 10, VA vs. length of sample.

I1l. Theory

From the results presented in the last section,it is clear that
the NDR branch exists in all samples regardless of carrier type,con-
centration, or sample length. A theory based on the avalanche pheno-
menon which results in a negative differential resistance will be de-
veloped in this sectionh. A comparison between the results obtained
from this calculation with experiment will be given in Section IV,

In this section, we shall assume that a NDR branch is associated
with an avalanche state; the reason for this aasdmption will be ap-
parent in the next section,

It is known that at sufficiently high electric fie.d E,the car-
rier velocities Vp and Vn of holes and electrons are a slowly varying
or constant function of E. To examine the problem at a current den-
sity J above the avalanche value, three equations have to be solved
simultaneously. These equations in one dimension are:

(1) Poisson's equation

gE _. e = :
= = = (p=n) (1)

(2) Component current equation

= = +
J Jp + Jn _epvp env, (2)

(3) Carrier generation rate equation
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dJ dJ
wn B p b
. o = %p(B) + o (E)J, (3)

The quantities cited above are illustrated in Figure 11 (a) which is
a schematic diagram of a bulk semiconductor. E 1is the electric
field, J the total current, Jp and Jn the hole and electron currents,
e the electron charge, the dielectric constant of the sample,p and
n the hole and electron densities, and up,an the ionization coeffi-
cients for holes and electrons respectively. Impurity densities are
neglected in comparison with p or n in the avalanche state, as are
diffusion currents.

/InSb

E —
(a) Contac
' (In or Sn)
JA
E
Eo EI_
(c)

Fig. 11. (a) Schematic diagram of bulk semiconductor.
(b) Current density vs. distance.
(c) Electric field vs. distance.

Before solving Equations (1-3) simultaneously,we have to find
the boundary conditions for J(x) and E(x). From an inspection of
Figure 11(b) and 11(c) we conclude that

J(0) = J (0) = ev, n(0) at x=0 (4)
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J(L) = Jp(L) = evpp(L) at x=L (5)
E(xl) = 0 at X=X, (6)
and
E(xg) = 0 at X=X, [ b
Now, if we assume that:
a (B) = a (E) =0 (E) = ae"" (8)

where a and b are constants (the exponenfial dependence of o is in
accordance with McKay's e_xperiments12 on Si), we can solve for the

electric field E as function of x analytically, i.e.,

E (X)=l 1n {1+tan2[EIE Bé(x -x)]} O<x<x (9a)
1 b v i - ="1
E2(x) =0 X <X <X, (9b)
E (x)=l 1n {1+tan2[322 i(x—x )]} x <x<L (9¢)
3 b v N 2 g
where
i b (10)
n p
B Jvb
2:5..':1.v]1 (11)
2¢cav
=10 &
x, = v 220 3P (13)
avnB
and
-1, %
x, = Loy £22_{n_) (14)
a\pn
If we define two functions f(y) and F(c) as:
2
£(y) = lﬂ&l_i_g_l (15)

1+ vy
F(e)

Ig t(y)dy (16)
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Then the total voltage across the sample willl be given by:

V= ¥ ECX)dxs (2—E§)* R p(D ) p (R ) (17)

2Eavn ZEavp

This is a nonlinear relation between current and voltage and in the
above equation the factor J_é by itself will give an NDR curve.
In fact, F(=*) has a definite valuela mln2. Thus, for very large

currents, i.e., for very large Bi and ni, Eq. (17) becomes
v=2minz (25nist for 01 (18)
ab

For small currents, functions f(y) and F(c) have to be further exa-
mined. The maximum value of f(y) occurs at e e-1=1..31, ~Corres-
ponding to Y there are current densities J and Jnm given by:

pm
2 2
2Eav 2 eEav
me— =% ym 3.43 _?EE (19a)
and eavi
Jnm‘-3.4o o (19b)

Therefore, when y<ym, f(y) is monotonically increasing and so is
F(c). This behavior could change the NDR behavior due to the J—&
term alone in Eq. (17) into PDR or positive differential resistance
For y > f(y) decreased and F(c) increases slowly and approaches
a finite value nln2. In this region, if F(c) increases less slowly
than the J-i term decreases, then the voltage decreases as J in-
creases and NDR appears. Since there is no analytical solution for
F(c), an approximate method or numerical solution had to be exploy-
ed. The important conclusions drawn from these results are: 1)
the I-V curve is nonlinear with PDR in the lower current region .
but with an NDR in the higher current region, and (2) in the analy-
sis of experimental results, it was found that I-V ourves can be

represented by the empirical relation:
-V=(constant)I™ (20)

where I is current in ampere provided that m is 0.5 in the PDR re-
gion, and from less than -0.5 to -0.5, dependent upon current value,
in the NDR region. This is in reasonable agreement with Eq. C17)
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Furthermore, a numerical solution of (17) using a computer yields
curves guite similar to those observed.

IV. Discussion

As we can see from Figures 3 through 8, regardless of the di-
fferences in the I-V curves at low-voltage-and-low-current range,
all samples have an NDR branch. In fact, I-V curves of all 158 sam-
ples have this branch. We surmise from this that NDR in all samples
may be due to some common basic mechanism,

From the discussion above, it is seen that the experimental
results match very well with theoretical predictions. In order to
_check the theory itself, it is desirable to measure the field varia-
tion in the sample with increasing current. However, this task is
quite difficult. Since the sample is bathed in liquid nitrogen, it
is impossible to use those advanced potential probe techniques to
monitor the field, Therefore, a conventional voltage measurement
method is used. Figure 12 and 13 are results of measurement of the
voltage distribution. Four probes indicated by letters W, X, ¥, Z
(0 to be the reference point) are mounted on a long sample PH-49 .
At point B, the point at which avalanche starts, the field in the
central part of the sample starts to decrease. When the current is
larger than 1 ampere, the central field is.almost zero, consistent
with the situation depicted in Figure 11(c).

$156 ~” Point A
MPLE:PH-49 -
4 o § F-id I=0.75Ampere
-~

r-u.-.12"' //

> ., 4%

~ -10F -

g

)‘_t //-

= el "

4 " /// _ _ L -1=03Ampere
I - '_..---*’;‘_-_:_,._.J—Izo.ZAmpere
gt AT ;#ﬁf::::“"_‘:} ###### o— ] =0.1 Ampere

AEESE e m g T
D B T e s e o

DISTANCE ( mm )

Fig. 12. Voltage distribution before abalanche.
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7 Point
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-16f »
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e - e =4 ,//
IS 4 2T /’)//
1 - 8F e i /;'
o o SMLeh 5
> _¢el 10T
6 //’;_‘_..-""-a’ oo I:3Amperes
g5 | 43' o--" _-» l=5Amperes
= "lf// ————— - ”__., :: - I =8 Amperes
é’/’, ’:’_‘2: —————— J::: -—fﬂ’

DISTANCE (mm )
Fig. 13. Voltage distribution after avalanche.

It is also of interest to investigate the sample length depen-
dence of VB’ the voltage at which avalanche begins; VB corresponds
to the voltage at point B marked in Figures 3 throgh 8. The plot
of VB vs., sample length for n-type groups have more linear relation-
ship than any of the p-type groups. For PH and PM groups the curves
can be approximated by two straight lines of different slopes, the
line for L < 3 mm having a larger slope than the one for L > 3 mm.
Also none of these lines intercept the voltage axis at zero. This
indicates that a finite voltage is required to maintain avalanching
even at very small lengths. The linear relationship between VB and
L for all samples at low I indicates that the average electric field
EB in the bulk region of the sample for the initiation of avalanche
is independent of L. We should keep in mind, however, that the elec-
tric field distribution in the avalanche state, as sketched in TR,
11(c), is far from being uniform. About all that can be said is
that the voltage VB minus the volatage at interface regions in di-
rectly proportional to the sample length. In Table 2, the voltage

* The voltage drop due to the solder contacts and cables at this low current
is estimated to be about 0.17V which is small compared to the voltage drop

across the sapple.
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as L > O* and the average electric field EB% defined as the slope of
the low current line segment are listed for each group. We note
that the slope increases as the concentration decreases, i.e., lower
carrier concentration material needs more field to intitial avalan-
che. Empirical relations between the slope and doping level can be
obtained froma plot of concentration vs. 1n EB.~ The equations are:

1.625x

N -0.0689 for p-type (21)

ln(EB)=10 A

5.627 -0.344
X

ln(EB)=10 Ny for n-type (22)

where NA and ND are acceptor and donor concentrations respectively.
For the high current region of the I-V curve, the sample vol-
tage approaches a minimum value of between 2 V and 4 V for all sam-
ples, matching reaéonable well with the voltages at zero length lis-
ted in Table 2. However, this measured voltagé drop includes that
due to solder contacts and cables which at high current levels can
itself be of the same order and increases with increasing current,

Table 1. Parameters Of Samples

Group Resistivity Hall Coefficient Hall Mobility Concentration MNo. of Samples Length Range

ohm~cm cm>-coulomp™ L vt gec1 =l e s mm
NB  0.0035-0.0050 3.0-7.0 102 0.85-1.4 10 o0.90-2.1 10%¢ 14 3 0.881-4.60
NM  0.02% -0.0405 1.1-1.8 10* 3.8 -4.4 10° 3.5 -5.7 10} 22 2 0.92 -12.97
NL  0.138 -0,270 0.8-1.4 10° 5.2 -5.8 10° 4,5 -7.8 10%3 13 3 0.587-12.67
PH  0.110 -0.125 4.7-5.2 10° 4.2 -5.6 10° 1.10-1.35 10%® 45 2 0.368-10.72
PM_ 1.07 -1.31  6.2-8.8 10° 5.8 -6.7 10° 0.7 -1.0 10%% 19 2 0.62 - 9.57
PL. 23.0 =33,00 1.4-2.5 10° 6.1 -7.6 10% 2.5 -4.5 10 19 3 0.567- 9.93

* These data were evaluated at liquid nitrogen temperature (782&) by Cominco
American Incorporated: The resistivity by four-point probe at zero magnetic
field; the Hall coefficient by two-point probe ina magnetic field of 1.6 KG.

L Materials used for making contacts.
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Table 2. Voltage At Zero Length And Electric Field Eg
For Each Group

Group. Concentration Eg Vi=0
cm-3 V/ecm v
NH 0.9-2.1 10%° 1.64 2.02
NM 3.5+5.7 10°% 6.06 2.6
NL 455738 1 10> 25, 4.8
PH 1.1-1.35 10*° 26.8 1.53
PM o0.7-1.0 ' 10’ 54.2 3.85
PL 2.5-4.5 ' 18*? 132.3 7.9
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