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ABSTRACT

The mechanisms of metal-insulator-semiconductor (MIS) tunneling were
explored in order to develop a spectroscopic technique. The theory of
MIS tunneling was developed through an extension and modification of the
theory of metal-insulator-metal (MIM) tunneling.

Special preparation procedures were formulated so that the thin insulator
aluminum-silicon dioxide-silicon devices could be fabricated. A Tow
temperature, nitric acid treatment was developed for the growth of a 102A
silicon dioxide Tlayer with dielectric breakdown strength exceeding 5x10° V/cm.
Test apparatus was designed to permit automatic Tow current, phase and
frequency sensitive measurements. All measurements were made on the (111) -
face of non-degenerate silicon at room temperature. Experiment and theory
were in good agreement.

A novel effect was discovered in p-type devices, whereby the conduction
mechanism was tunneling in the enhancement mode, and Schottky emission in the
depletion mode. The device current was found to be relatively temperature
insensitive in the enhancement mode, but exhibited a positive temperature
dependence in the depletion mode.

Phase measurements of the tunnel current Ted to a new interpretation
of the AC tunnel mechanism. The tunnel transit time was very small, so
the surface state recombination-generation time became the factor Timiting
tunnel charge transfer. At frequencies, however, charge transfer was
incomplete and the tunnel current decreased with frequency.



Tunneling spectroscopy was demonstrated to be very valuable in
obtaining significant data on silicon surfaces, such as the type of
material (n- or p- type), surface potential, surface charge (1010 - 1012/¢cm?),

and surface state distribution (1011/cm2).

These data were shown to be

in agreement with the Tliterature. A continuous rather than discrete

surface state distribution was observed.

Thesis Supervisor: Harry C. Gatos

Title: Professor of Electrical Engineering
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[. INTROBUCTION

A. Semiconductqr Surfaces

In the last twenty years, semiconductor surfaces have been studied
in great detail. From the date of development of the first point
contact transistor, it was apparent that reliable, reproducible, and
stable devices could not be fabricated without an understanding of the
semiconductor surface.

Shockley and Pearson(]) performed a classical experiment which
gave the first understanding of the electrical properties of semi-
conductor surfaces, i.e. surface states. From a relatively simple
field effect capacitor, data were found which gave insight into the
density and dynamics of surface states. The early work concentrated
on germanium in Tight of the development of the junction transistor(z);
however, the advent of the planar techno]ogy(3) altered the slant of
surface research towards silicon. As a result in the last ten years
hundreds of articles have appeared on silicon semiconductor surfaces.
Many of the articles are listed in bibliographies prepared by
Sch]aege1(4’5).

In the study of semiconductor surfaces, researchers distinguish’

between real and clean surfaces. The real surface is prepared by
conventional te;hniques, j.e. mechanical polish and chemical etch, to
remove damaged layers and provide a relatively flat sufface. This
surface is covered by molecules absorbed from the ambient (innate oxide,

for example). Clearly, real surfaces are easily prepared, and are

those usually encountered in practical application. Clean surfaces are




14

free of adsorbed matter to better than a few per cent of a monolayer,
and may be prepared under high vacuum by cleavage or by high temperature
treatment. There is interest in the clean surface because it most
closely represents the actual semiconductor surface. However, in
practical application, processing of the semiconductor immediately
contaminates the surface, meaning only limited measurements on a clean
surface can be made.

Extensive work on surface states has been done along both
experimental and theoretical 1ines. Tamm(e) and Shock]ey(7)
theoretically developed the idea of Jocalized states existing in the
forbidden gap due to dangling bonds. Much experimental work has been
done varying physical parameters to fit experiment to theory, and
this work led to considerable understanding of the semiconductor
surface. At this time however, experiment and theory do not wholly
agree.

Experimentally, surface states are grouped into "slow" and "fast"
states. Fast states are those located at the semiconductor-oxide
interface, have very short generation-recombination times (less than

1 to 10]2 cm'z_

1070 seconds), and have densities on the order of 10
The physical characteristics of these fast states such as energy
positioﬁ, density, and.capture cross section are fairly well known.
The slow states are associated with the oxide of the surface layer
and are perhaps the result of absorbed gas atoms and mobile ions
within the oxide. Little is known about the slow states except that

a typical density is on the order of 1013 em?.
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Probably the most useful theoretical discussions and experimental

(8)

techniques are described in volumes by Many, Goldstein and Grover' ™/,

10) (11)

Frank1(9), Gatos( , and Kingston .

B. Techniques for Examining Semiconductor Surfaces

The large number of investigators looking at semiconductor
surfaces is indicative of the many ways in which these surfaces are
being examined. The study of semiconductor surfaces includes two areas:

1) crystalline and chemical properties of the surface, and

2) electronic surface states (or surface states).

First we will define what is meant by a surface state and then we
will discuss how these two items interrelate.

A surface state is 1) a location where holes or electrons become
trapped, 2) a location where a hole and electron may recombine, or
3) simply a charge center. As the name would imply, these states Tie
near the semiconductor-oxide interface, either in the insulator or
semiconductor. These states may arise from impurities, dislocations,
crystailine defects, absorbed gases, moisture, dangling bonds, and
anything else disturbing crystalline perfection.

Two of the most important techniques used for the measurement of
electronic surface states are the field effect and capacitance voltage
methods. The details of these methods are discussed in Appendix A.

The technique of tunne]ing spectroscopy is the topic of research
for this thesis. The theory of tunneling, and experimental techniques

will be developed in the next two chapters.




16

II. THEORETICAL CONSIDERATIONS

A. Tunneling Theory

Tunneling is the quantum mechanical phenomenon which allows
electrons or holes to penetrate an energy barrier. This is a familiar
problem, and the solution to Schrddinger's equation in the barrier is:

2 1/2

o = Kexpl- (22200 - B)/ %] (1)

where X, > x > X7, and Xp- Xy = barrier width,
m* = effective mass in insulator,

W = constant barrier height,

E = energy of particle (W > E),
and the transmission coefficient, which represents the probability of

an e]eqtron tunneling through the barrier is:
T = expl- 2(2n*/%) /20w - )1/2(x,- X)) (2)

In the case where W is a function of x, the Wentzel-Kramers-

Brillouin approximation yields:

o = Km0 20u(x) - E1V Zexpl- ( 2”2f ix) - 1723 (3)
and the transmission coefficient becomes:
, X
T(E) = expl- 2(an"/A°) ”2f [u(x) - £1'/%dx) (4)
X

To find the density of current tdnne]ing from one side of the

barrier, the number of electrons impinging on the barrier per unit time
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is multiplied by the transmission coefficient.
de] = evyn T(Ey) f(E) dK (5)

where vy, = velocity jmpinging on barrier and
v, for parabolic bands = (1/f)(3E/3ky)
n = number of electrons per unit
volume of k space = 2/(21r)3

f(E) = fermi function giving electron occupancy

" And so the current density tunneling from one side of the barrier is:

_ _eh
I 3 *ff(E)T( E, Jkydkydk dk, (6)
4 m

In order to simplify this integral, we note that our real interest
is in the k, direction, not in ky and k,. If we write K=k, + Ky
W-ith KJ_ = ky + kZ, then dky dkz = 27TK_LdKJ_.

Now since for parabolic bands,

* 2 * 2
k, dk, =m /A" dE, and KdKg = m /A° dEy
we can rewrite equation (6) as

I, i—"z‘?ff(m T(E,) dE dEy (7)

e
Using the Jacobian , dE dE, = dE dE , and equation (7) becomes

*
Iy, = 21r2'ﬁ3 ff(E T(E,) dE dE, (8)

See Appendix B.
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For the case of two electron or hole sources (metals) separated by
a thin insulator, there is tunneling from both sides of the barrier.

The net current density is the sum of two terms:

o E
* T
Jx = _e&g_g/ dE[F(E) - f(E + eV)]fT(EX)dEX (9)
2mn o o

The term eV corresponds to the increase of energy due to the external
bias voltage V.

Equation (9) serves as the starting point for the derivation of
the tunneling current in a thin metal-insulator-metal (MIM) structureg12_22).
The details of the tunneling current differ through the various integra-
tions of the transmission coefficient, T(Ex). The approximations of

(12)

both Stratton and Simmons(13) have been found to describe tunneling

through insulating films for Timited voltage ranges. More recent

approximations(21’22)

have wider ranges of validity. For the purpose

of obtaihing an analytical expression describing MIM tunneling, Stratton's
approach will be developed. It is hoped that the expression derived

will give some understanding to the more complicated problem of tunnel-
ing in the metal-insulator-semiconductor (MIS) structure. It must be
pointed out that in the theoretical formulation of MIM and MIS tunneling

unoccupied states must be available for electrons to tunnel into. This

means equation (9) must be modified to

o}
*

| .E
g, = Zren f dEpq (E)p,(E + eV)[F(E) - F(E + eV)] j T(E,)dE, (%a)
o 0

n

where pT(E) correspond to the density of states at the energy of the

semiconductor and metal respectively.
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Stratton measures energy from the top of the valence band and
defines ¢(x,V) to be the barrier energy profiie measured from the
Fermi Tevel, E. (Figure 1).  Thus the total energy barrier, W(x)

is ¢{x,V) + Eg Now integration by parts of equation (9) yields:

* L]
- dmem f 1 + exp(Ef - Ex)/kT '
Jy = ﬁ3 T A T(Ex)ﬂil[1 +exp(Ec - E, - eV)/kT]dEx (10)

This is a familiar result also found through other derivations as

(22). Stratton

by Duke(23’24), Hartman(]g), and Barker and Gruodis
assumes that only electrons near the Fermi level dominate the tunnel-
ing current, and he thus expands the transmission coefficient in

powers of Ei where E; = E¢ - Ex' The details are presented in

Stratton's (12) and equation (10} becomes
Je =5 5Th ma KT exp(azv - a5V Y[1 - exp(-a1V)] (11)
where
4 em*
3o = 25 exnl-a;)
a]h

If the barrier is symmetric about x = 1/2*, then ay = a1/2, and

equation (11) becomes

L 2ralkT 2y s
Jx = JO E?FTE%;ET) exp(-a3V ) s1nh(aTV/2) (12)
This theoretical equation has been shdwn to agree with experi-
(12,25)

mental data obtained from MIM structures Figure 2 shows the
very‘good fit of data obtained on an A]—A1203-A1 sandwich with a

48 A thick insulator.

As is generally the case for an MIM structure.
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B. Tunneling Spectroscopy

Having discussed the theory of MIM tunneling, we wish to make
the transition to MIS tunneling. We develop MIS theory by discussing
the physical differences between MIM and MIS tunneling, and modifying
the MIM eguations to fit the MIS system.

The energy band picture of an MIS structure is shown in Figure 3,
with an n-type silicon semiconductor. A chemically etched silicon

surface usually has more donor states than the bu]k(26).

Therefore,
the surface is more n-type than the bulk (Figure 3). It is assumed
that the energy>gap of the insulator is large compared to that of silicon.
The MIS structure differs from the MIM structure in that:
1) The semiconductor has a band gap whereas the metal does not.
'2) The metal is an "infinite" source and sink for electrons,
while the semiconductor has only a finite number of states.
3) The electrical differences between the metal and semiconductor
mean that the tunneling barrier will be nonsymmetric as compared with
the A1~A1203-A1 structure. It is these differences which must be
discussed in order to modify equation (12) to predict MIS tunneling effects.
Electrons in the metal or the semiconductor cannot tunnel through
the insulator unless they lie opposite to unoccupied states in the
other electrode. Therefore, no current can flow in the MIS structure

of Figure 4 until the metal is biased +V, or -v1 volts (assuming all

2
the voltage drop is across the insulator, and that the surface states
present within the semiconductor's forbidden gap are negligible for

now). When +V2 volts are applied to the metal, electrons in the
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Figure 3

Energy Band Diagram for the MIS Structure

Figure 4

Electron Tunneling in a P-type Semiconductor MIS Structure
With Positive (a) and Negative (b) Bias on the Metal Plate

B —
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valence band of the semiconductor tunnel into unoccupied states of the
metal. At -V] volts, electrons at the Fermi level of the metal tunnel
into the conduction band of the semiconductor. For positive bias on
the metal, electrons from the conduction band can also tunnel into

the metal. Since the semiconductor is p-type, the concentration of

" conduction band electrons is lTow (so this effect is small).

When the semiconductor is n-type (Figure 5), tunneling is
dominated by metal to semiconductor conduction band transitions. In
this case there is only a small gap in tunneling V-I characteristics.
The n-type semiconductor would be expected to behave more 1ike a metal
than would p-type due to conduction band conductivity.

This tunneling gap, VD = V2 - V1, must be overcome for tunneling
to occur. If we‘were to replace the applied voltage V, by V - VO, in
Stratton's calculation, equation (12) would be corrected to account for
this gap. Note that in the p-type semiconductor Vo is greater than that
in the n-type, and in the metal, of course VO = 0.

As discussed in Harrison's paper(27), the matrix element for
tunneling vanished unless the transverse wave number, kt’ is the same
for initial and final states. The Fermi surface of the metal is much

(28)

larger than the Fermi surface of the semiconductor , 50 the "shadow"

cast by the semiconductor Fermi surface is always covered by the Targe

shadow of the meta1(29).

Thus, the electrons tunneling from the semi-
conductor into the metal can easily find an available state, but electrons
tunneling from the metal are Timited to states within the small area

of the shadow cast by the semiconductor.
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This restricting of the region of allowed momentum has the effect of

reducing the transmission coefficient, T(E Since we have approxi-

x)'
mated T(Ex) by a series expansion for fhe MIM structure, the same
approximation should hold for MIS structures with the magnitude of
the coefficients reduced.

As seen through eguations (4) and (9), the tunneling current.
between two insulated electrodes depends on the shape and magnitude
of the energy barrier of the insulator. If the work function of the
two electrodes is unequal, the barrier is asymmetric, causing the MIM
tunneling current to differ for forward and reverse bias. Simmons(30)
investigated this barrier asymmetry for different metals, and found
that no changes in the tunneling current were evident until the applied
voltage exceeded the Tower of the two barrier heights. In the structures
which Simmons examined, observed changes were on the order of only
several per cent for biases up to +3 volts. Thus, even for dissimilar
electrode metals, equation (12) is applicable.

The above argument holds true for MIS tunneling with the n-type
semiconductor, Since the tunneling transitions are with the conduction
band for both directions of current (Figure 5). For the p-type semi-
conductor, however, tunneling transitions occur to the valence band for
positive bias (on the metal) and to the conduction band for negative
bias (Fiéure 4). Thus, the tunneling barrier is different for
different bias polarity, and a current asymmetry should occur.

This qualitative discussion suggests that the theory explaining

MIM tunneling is readily adaptable to MIS tunneling. The energy gap

 Eem e -
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shifts the tunneling characteristics to higher voltages, and the
transition probabilities reduce the magnitude of current. Therefore,
when surface effects are not considered, Stratton's results can be
modified to |

Zﬂaikt 5 '
Jy = Jo‘E?ﬁTEE?EfT exnl| - a3(V - Vo) 7] s1nh[a](V - Vy)/2] (13)

where ai and aé are smaller than ay and ag respectively.
The constants ai and aé are functions of the physical parameters
of the insulator (dielectric constant, thickness, and effective

mass)(13’]5). Of interest is the fact that aj varies inversely with

1
insulator thickness and aé varies with the inverse square of insulator
thickness.

The assumption that a transition can be made from MIM to MIS
tunneling via equations (12) and (13) is of course dependent on the
 fact that we indeed know what the tunneling barrier is. One usually
considers the large band gap insulator to be intrinsic, and accordingly
the net tunneling barrier could be a function of both the conduction
and valence bands of the insulator. This model represents two band
tunneling., and the above derivation which was carried out for single
band tunneling would not be applicable. In fact we could not even
define an effective mass (E vs K relation) in the two band model.

In the case at hand, i.e. a very thin insulator, surface charge
on the semiconductor induces charge and thus band bending in the '
insulator. Since the bulk cafrier concentration in the insulator

is very low (energy gap for Si0, = 6 eV), the actual band bending

[ _ T . . - —_—




must be quite large to accomodate the induced charge. If we had a
semi-infinite insulator, deep in the bulk the insulator would be
intrinsic. But at the surface, near the chage source, the Fermi
Tevel would be closer to the conduction band (for 5102 on Si on the
order. of 2ev(31)). In the thin insulator, however, wé see only this
"extrinsic" insulator, and the tunnel barrier corresponds to the
conduction band in the insulator indicating that the one band model

is applicable. Furthermore, since on a band model we look only at

a small segment of this bent band, the segment can be accurately

approximated by a straight 1ine. This model permits us to use the

éing1e band theory with a trapezoidal barrier.

Surface Considerations in MIS Tunneling. In this research we

plan to study surface states at the semiconductor-insulator interface
using the tunneling technique. Tunneling spectroscopy has been re-

ported for siliddf s 1nsp(35)

, and is briefly outlined here.

For simplicity, consider the case where the applied voltage
exists entirely on the insulator. Using the energy band diagram of
Figure 6(a), it is seen that the Fermi Tevel of the metal can be
swept through the band gap of the semiconductor by varying the
bias on the metal. Analogous to the effect discussed earlier,

i.e. tunneling in the p-type semiconductor when the Fermi level of
the metal "saw" the conduction band or va]encé band edge, the
tunneling current will increase when the Fermi level of the metal
corresponds‘to a surface state level. In this manner, it is hoped

to characterize the density and energy level of surface states in

the band gap.

27
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The simplifying assumption of the voltage drop existing entirely
across the insulator, i.e. no band bending due to applied bias,
must be investigated to find regions of applicability, and to make

suitable modifications when necessary. The tunneling current depends
(13,15,25)

on the electric field in the insulator , and a knowledge
of how the field in the MIS insulator varies with applied voltage
will permit understanding'of the tunnel current.

The electric field Tines resulting from the applied voltage
pass through the insulator and terminate on charges in the metal
- and semiconductor. The charge on the metal appears at the surface
and does not penetrate into the metal. The charge on the semi-
conductor is a more complex situation. Charge can build up in surface
states and in a depletion or accumulation layer at the surface. The
location of these charges determines the field in the jnsulator, and
thus, the V-1 relation of the MIS structure. Specific consideration
for the charging of surface states in silicon is considered.

Silicon usually has an excess of donor type surface states.
These stdtes are partially filled, according to Fermi statistics,
and create an internal electric field. This internal field affects
the tunneling characteristics only when the potential barrier is
altered by the field.

Many et al.(g) illustrate (Figure 6) the termination of field
lines on silicon with surface states. For zero bias, in n-type
silicon, the surface states abave thebFermi level are empty. If

‘a positive voltage is placed on the metal, electrons are swept to

P —
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the semiconductor surface. These excess electrons fill up surface
states until equi]ibrfum is reached. With large enough bias, a1l
the surface states become filled so that additional voltage produces
an electron accumulation region at the surface. In this situation,
the charge in the semiconductor is at the surface and the field in
the insulator is proportional to the applied voltage (E = V/L).

The semiconductor surface appears metallic, and the field does not
penetrate the semiconductor.

If a negative voltage is applied to the metal, glectrons are
swept away from the surface and the surface states start to empty.
As seen in Figure 7, when the surface states are completely emptied
the surface regidn is made up of immobile positive charges (ionized
donors). Field 1ines terminate on these charges, and the field
penetrates the bulk. The same argument holds for the p-type semi-
conductor, except for a reversal of polarity. This analysis predicts
the insulator field to vary with apb]ied voltage as shown in
Figure 8. In the regions where the field 1is proportional to the
applied voltage, the MIS tunneling current should increase exponen-
tially as predicted by equation (13). When a depletion layer forms,
the fnsu]ator field no longer increases proportionally to the applied
voltage, and the tunneling current levels off. The predicted V-I
characteriﬁtics(36) are shown in Figure 9.

The aforementioned has been a description of the technique of
tunneling sbectroscopy. AlthoUgh we have specifically alluded to
the aluminum-silicon dioxide-silicon system, it should be apparent

that the same arguments hold true for the more general metal-
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field penetrates bulk of semiconductor

Field strength in insulator

A

n-type —/ \
p-type

w Applied voltage
— +

Electric Fielid Strength in Insulator of MIS
Structure as a Function of Applied Voltage

Figure 8
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insulator-semiconductor structures.

This technique, as described, permits investigation of the
conduction and valence band edges, but not of surface states within
the bandgap. The following approach is needed to study surface states.

If, when the Fermi level of the metal is slowly "swept" through
the gap of the semiconductor, it should see a Tevel of surface states,

2
(34.37) |nti1 the states filled or emptied

a tunnel current would flow
(according to Fermi statistics), then thermal equilibrium would
result. Thus, this current would only be transient, and depending on
the generation-recombination rate of the surface state, probably be
of too short a duration to detect. To overcome this problem, a Tow
Tevel AC signal is superimposed on the DC sweep. In this way, when a
surface state level is reached, the AC signal will cause the state

to fi11 and empty in response to the incremental field, and thus

a steady state signal is measured. The solution of this problem
gives us the addéd feature of being able to vary frequency to measure
surface state dynamics, and also being able to use DC-AC filtering
technique to permit measurement of surface states near band edges

where the DC signal would dominate. Both the experimental technigues

and data obtained will be detailed in the next chapter.

C. Other Conduction Mechanisms in MIS Strugture

Having discussed tunneling spectroscopy, the gquestion now arises
on the conditions for tunneling to occur and the possibility of
other components of current. What we are really asking is how do

we know that the current being measured is indeed a tunnel current?
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In order to properly answer this question, we must discuss other
conduction mechanisms.

Electronic conduction in MIS structures may be classified in
six general categories. The pertinent equations are presented 1in
Appendix C, and a brief description of their differences is discussed
here.

1. Ionic gonduction is due to drift of ionic impurities and
defects uhder the influence of an electric field (for example,
silver in ceramic used in capacitors). Absorbed moisture may enhance

jonic conduction as shown:

0 0

- | _
- 0-5i-0-Na HoH 0-5i-0-H + Nat + OH

0 0

The Na® is small enough to move through the amorphous oxide, but the
larger OH™ cannot. The physical conduction process may be described
as ions jumping from site to site. Evidence of this has been seen 1in
TWOZand BaTi05.- These dielectrics become more stable to Na+ drift by
doping with silver. The silver fons fill in vacancies in the dielectric
and the Na® is rendered inmobile. The movement of jons on the surface
of semiconductors can introduce leakage and device degradation. Until
surface passivation was developed, surface leakage was amngst the most
severe failure mechanisms in transistors.

Ionic and electronic currents are easily distinguished. The
activation énergy for ionic conductivity is large (3-4eV) and the

jons have a long transit time (low mobility, less than 1 cmz/V-Sec).

o W e
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Usually DC ionic conductivity decreases with time since ions can not
readily be injected or extracted from the insulator. After an initial
current flow, positive and negative charges will build up and polarize
the insulator. When the applied field is removed, internal fields

. cause some of the ions to flow back to their equilibrium position

with their characteristically long time constants, and hysteresis
results.

2. Tunneling and internal field emission are conduction processes

via barrier penetration. The four subgrouping are: a) Zener -
electrons tunneling from valence band of semiconductor to conduction
band of metal; b) Field ijonization - electrons from impurity levels
of semiconductor to conduction band of metal; ¢) Field emission -
from Fermi level (cathode) to vacuum; d) Field emission - from within
valence band to anode. Tunnel currents are characterized by their
‘relative temperature 1nsensitiv1ty and an'exponent1a1 dependence on
insulator width.

3. Impurity conduction - electrons hop from one donor site to
another (séme for holes andvacceptofs), but not into conduction band.
(This would be ohmic conduction). For very low concentrations of
impurity, both donor and acceptor sites are necessary, as acceptors
remove é]egtrons from some donofs. For intermediate and high concen-
trations 6f impurity, acceptors are not necessary. In intermediate
concentrations, a hopping process occurs wherein phonon interaction
is essential. For very high concentrations, interaction is great,

and a relatively high impurity band conductivity results.
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Impurity conduction in clean insulators such as 5102, Si0, and
S1'3N4 is at a minimum due to very few impurities and the high activa-
tion energy between nonoverlapping wave functions. Even at fields of
5 x 106 V/cm, impurity conduction in insulators is estimated at less

16 mho/cm(38).

than 10~
| 4. Qhmic conductign occurs when electrons are excited into the
conduction band and drift under the influence of the applied field.
The ohmic component, which‘&ontr{butes mainly at highef temper-
atures due to its relatively large activation energy, is easily
identified by a linear current voltage plot. This component reaches

107° (39

amp/cw?at 5 x 106 V/cm only at temperatures exceeding 425°
Thus this component is usually negligible.

Changes in insulator thickness cause linear changes in the ohmic
component but cause exponential changes in the tunneling component.
The details of these mechanisms are seen in Figure 10.

5. $pace charge limited floy is due to build up of a.negative
space charge at the cathode; further electron flow is Timited by
repulsive forcés. At eqd?]ibrium current is proportional to voltage
to the second power. Space charge limited flow becomes important
only at current densities exceeding 15-20 amp/cm440).

Although tunneling has been reported through films up to 1000A(39)
films must be thinnerlthan 200A to observe current densities greater

5 amp/cm? Space charge limited currents are not observed in

(41)

than 10
MIS structukes with insulator thickness less than 200CA , Most

1ikeTy due to very low current densities, i.e. no interactions.

3




38

0l ®anby4

(6€ @dusdeisy)

*Jojensuj Jsuulyl ® bulsn AgQ popusixy

°q ued sbuey suniedsdws) ybyy syr :ouniessdws] Mo 1e SSIBUIWOPSI4 JusUOdWO] |BUUN] BY]

"wa/pA Q%S 40 piet4 pel|ddy 3e sanionalg _ml:zm_m|:< ue Jo s2f3sid9lodedey) sanjeladwaj=jusiany

9

-
-
-
-
-
-

7

1uU244n2 3 1Wyo

Yoo t=p

~lr

IUBIIND B3| 00d- | B¥us.t 4

& JU®JaND [suum
B " s g e s W G

0
Jus11nD |ejo) =¥ ©

Ol1=

0l

0l

(o) 170001

g8 L g9 &

f7
T T

-
-
—

jusJInd Dlwyo

glussano [suuny

L e
< %o

lusdans |el1o1l ]

Y000 I=P

JUBIIND 9| 00d- Sy USIS




39

6. Schottky emission and Poole-Frenkel effect - both of these

processes occur through electron excitation over a barrier. a) Schottky

emission occurs when effective barrier height is reduced by intense

applied field across the thin insulator. The electrons from the

metal or semiconductor are excited to the conduction band of the
insulator. b) Poole-Frenkel effect occurs when electrons trapped in

insulator are excited to conduction band of insulator.

The Poole-Frenkel compaonent is of the same order of magnitude as
the tunneling current at normal intermediate temperatures. At the
high temperature range, Poole-Frenkel currents dominate (Figure 10},
while at Tow temperatures the Poole-Frenkel component disappears, so
the tunnel current dominates. However, the two components are readily
separated because a) the tunnel component is essentially temperatufe
independent, while Pool-Frenkel processes are strongly temperature

dependent, and b) tunnel current « V2

V1/2).

exp(-a/V), while Poole-Frenkel
current « Vexp(
The intent of the above discussion is to give somé experimental
understanding. on the conduction mechanisms in MIS structures. It is
not a rigorous argument, but one which suggests the possible mechanisms.
If experiments are done near absolute zero temperature, one can be
reasonably sure that the only possible currents would be either tunnel
or space charge limited currents. If one uses a superconductor as the
‘electrode, and if one obServes the superconducting gap, then the
transport mechanisms must be tunneling. Aside from these extremes,
however, we-must rely on experfmenta]revidence and experience to analyze |

the actual conduction mechanism.
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[1I. EXPERIMENTAL PROCEDURE

A. Sample Preparation

The tunneling devices used in these experiments were all of
the aluminum-silicon dioxide-silicon structures. This decision
. was made because of the tremendous interest in, and data available,
on silicon, the ease in working with 5102 and Al using the planar
techno]dgy, and the extreme practical value of this almost universal
MOS capacitor.

The criteria used in trying to fabricate a tunneling device were:

1) to grow a thin tunneling barrier, less than 200A thick;

2) since the bandgap of Si is 1.1 eV, the thin oxide must be
able to withstand fields on the order of 5 x 106 V/cm;

3) capacitance must be minimized so that this 90° out of phase
signal does not swamp out the inphase tunnel component (small
device area).

Oxidation. At usual oxidation temperatures, 1050-1200°C, the
oxide grdws so quickly that by the time the wafer is placed inside
the tube and taken out, oxides on the order of 300-70CA have grown.
An attempt was made at growing low temperature oxides (300-800°C)
but these oxides had lower breakdown strengths than required
(5 x IOS.V/cm). This was attributed to a very porous oxide, result-
ing from low temperature growths. It is known that silicon has an
innate oxide 20-60A thick, when exposed to the atmosphere at room
temperatures. This oxide was also unsatisfactory (analogous to the

low temperature oxide). Other techniques such as anodic plating or
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evaporation of 5102 proved unsuccessful due to high pinhole density
and/or high impurity density causing low breakdown strength.

A technique we discovered was that of passivating the wafer with
hot concentrated nitric acid, a good oxidizing agent. The probable
~reaction is:

ZHNO; — H20 + 2N02
and
Si + 2N02——% S1'O2 + 2NO?

with the net reaction,

S1 + ZHNO; —> 5102 + H20 + 2NO%

Because this is a relatively Tow temperaturé reaction, the oxide
probably grows by diffusion of oxygen through pores in the oxide.
And, as observed, the rate of growth of oxide is slow (100A in 3 min.).
Yet upon testing the oxide, breakdown fields of 5 x 106 VY/cm were
measured, which results from hydration tightening the oxide and closing
pores,

$i0, + XH,0 —» 5105+ (H50)

Electrical Contact. Since the excess handling and elevated

temperatures required for wafer dicing and bonding were considered
a principle source of device failure, we decided to make electrical
contact via a joystick probe.

We encountered difficulty when contact was made to the aluminum.
The thin oxide under the aluminum is extremely fragile, and was
penetrated by the probe, thus destroying the device. This problem

was overcome by fabricating an "expanded" contact. A thick oxide (5000A)
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was therma]1y groWn on the substrate, and a thin oxide grown in holes
etched through the thick oxide. Evaporated aluminum coats both oxides,
and probe contact is made to the stronger thick oxide. Furthermore,
because of the thick oxide, extra contributions tc device capacitance
are minimal.

Having now overcome the basic problem in device fabrication, we
go into detail on the processing steps and final device structure.

Processing of Silicon Wafers for Tunnel Test Device

1. Material used:

a. N-type silicon, resistivity 10, 1.0, 0.5q-cm (donor

14 ]5, and 2 x 10]6/cm3 respectively) +20%;

2

density 5 x 10", 6 x 10

dislocation density less than 103/cm as determined by etch
pit count; orientation (111) +0.5°; phosphorous doped. The
"pulled crystals were grown by Texas Instruments' Lopex (low
oxygen) process, with diameter 7/8 - 1 1/8". The crystal had
a flat cut on it perpendicular to the[1lq]directfon, and s
then sliced into wafers ranging from 7.5 to 9.0 mils thick.
A11 wafers are mechanically polished and chemically etched by
thé manufacturer.

b. P-type silicon, resistivity 10, 1.0, 0.5q-cm (acceptor

15 16, and 4 x 10]6/cm3 respectively) +20%;

~density 107, 2 x 10
dislocation density less than 103/cm2 as determined by etch
pit count; orientation (111) +0.5°; boron doped. The pulled
crystals were grown by Texas Instruments' Lopex process,

with diameter 7/8 - 1 1/8". The crystal had a flat cut on it
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perpendicular to the [110]direction, and is then sliced into

wafers ranging from 7.5 to 9.0 mils thick. All wafers were

mechanically polished and chemicaily etched by the manu-

facturer.

Wafer cleaning:

Note that in the following processes all acids and

solvents used are of "Transistar" purity and deionized (DI)

water with resistivity exceeding 1018 Q-cm.

a.

Immerse wafer in concentrated sulfuric acid (HZSO4)

at 185°C for 15 minutes, then allow to cool in the acid.

b.

C.

Rinse in DI water for 5 minutes.

Heat wafers in concentrated nitric acid (HN03) at 120°C

for 15 minutes.

d.

Rinse in DI water for 5 minutes, then dry wafers by

spinning.

e.

immerse in concentrated HF at room temperature for

1 minute.

f.

Rinse in DI water for 15 minutes, then spin dry.

First oxidation:

a.

b.
C.

d.

Set oxidation furnace to 1200°C, and purge tube with

“a steam of dry nitrogen.

Place wafers on quartz carrier and insert into tube.
Set flow of dry oxygen at 1000 cm3/min for 15 minutes.

Switch to a wet oxygen (steam at 95°C) flow of 500 an’/min

for 20 minutes.

e.

Switch back to dry oxygen flow of 1000 cm3/min for

15 minutes.
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The wafers are now removed from the oxidatjon tube, and the
wafers appear to be green-blue-green, signifying an oxide thickness
of 5000A.

4. Oxide photo resist:
a. Load photo resist (Shipley positive resist #AZ-111 or
AZ-1350) into syringe, and apply to wafer through 1 micron
Millipore filter.
b. Spin wafer for 30 seconds to 3000 rpm to get thin (1 micron)
uniform ccating of photo resist on wafer.
c. Prebake wafers at 85°C for 10 minutes in an uncovered dish.
d. Expose wafer to mask #1 (Figure 11) under ultraviolet
Tight for 5 seconds. Resist will stay soft where exposed to
light.
e. Develop wafer for 30 seconds (use 1 part Shipiey AZ-303
developer to 4 parts DI water and spray on wafer.
f. Rinse in DI water for 5 minutes, spin dry, bake for
30 minutes at 85°C and let cool.

5. Oxide etch:
a. Let wafers cool, then etch oxide in solution of 10 parfs
NH3F1 (40% solution) to 1 part concentrated HF. This is a
bﬁffered HF solution and the observed etch rate is 800A/min.
b. Rinse in DI water for 15 minutes, then clean off remain-
ing photo resist in H2504 at 185°C for 15 minutes.r
c. Allow wafers to cool, rinse in DI water for 5 minutes,

then spin dry.
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3x6 mil rectangle 2 mil diameter circle

20 mil centers 20 mii centers

Phota-L i thographic Masks for Device Patterns

Figure 11 Figure 12
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At this stage the wafer has the image of mask #1, i.e. 2 mil holes

etched through the 5000A oxide down to bare silicon.

6.

Second oxidation:
a. Immerse wafer into concentrated HNO3 at 120°C for
5 minutes.

b. Rinse in DI water for 5 minutes, and spin.

At this step a thin oxide (later estimated tc be approximately 100A

thick) is grown on the silicon in the 2 mil holes.

7.

Metallization:

a. Load wafers into vacuum evaporator

b. Load pure (99.999%) aluminum into evaporator and deposit
using electron beam bombardment. Deposition rate is

10,0004/min at 5 x 107°

torr, and final aluminum thickness
is 5000A.

c. Dry wafers for 15 minutes at 85°C.

Aluminum metal now covers the entire wafer.

8.

Metallization photo resist:
a. Mix Kodak negative photo resist 1:1 with thinner (Kodak
KTFR resist and thinner).

b. With syringe apply resist through 1 micron filter.

.c. Spin wafer at 6000 rpm for 14 seconds, approximately

8000A layer of photoresist.
d. Air dry for 15 minutes (do not spin or blow).

e.' Prebake for 3 minutes at 85°C in an uncovered dish.
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Expose water to mask #2 (Figure 12) under ultraviolet

Tight for 6 seconds. Resist hardens where exposed to Tight.

g.
h.

Develop with Kodak KTFR developer for 1 minute

Rinse in DI water for 15 mirutes and spin dry.

Following this step the test patterns are fabricated and appear

in Figure 13.

10. Removal of photo resist: We cannot use H2504 to remove the

remaining photo resist because the sulfuric acid will also etch the

aluminum.

Therefore painstaking steps must be followed to clean the

relatively insoluble photo resist.

a.

Immerse wafers in J-100 (a proprietary organic solvent)

at 110°C for 10 minutes.

b.
c.
d.
e.

f.

Wash in hot xylene (or trichlorethylene-TCE) for 5 minutes.
Rinse in cold xylene (or TCE) for 5 minutes.

Rinse in acetone for 5 minutes.

Rinse in methanol for 5 minutes.

Rinse in DI water and spin dry.

Processing is now completed, and a cross section of the devices

shown in Figure 13, appears in Figure 14.

B. Measurement Techniques

In designing test apparatus for an experiment, one must carefully

consider the nature of the desired data. In this experiment the

requirements are:

1. DC I-V characteristics, voltage range =1lv, current range to

10

107"~ amps.
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2. DC conductance-voltage measurements.

3. AC incremenrtal G-V measurements dealing with currents down
to 10713 amps .

4. C-V measurements.
| In cases 1-3, current levels are sufficiently small, such that noise
problems are an important consideration. It must be remembered that
the tunnel samples are basically high value MOS capacitors so that
there is the further complication of very high impedance at low
frequencies and large, 90° out of phase displacement currents super-
impcsed on the AC tunnel component.

For D. C. measurements, the simplest apparatus is shown in
Figure 15. This‘circuit is not usable here because in most cases
the sample impedance is higher than the voltmeter impedance, and the
current measured is that through.the voltmeter. The next step would
be to try a simple Wheatstone bridge; however, the problem of a high
sample fmpedance occurs here too. The way to overcome this problem
is to design a bridge with the impedances of the measuring apparatus
incorpokated. Figure 16 shows a bridge which, when nulled without
the tunne] sample, includes all circuit loading. RI and R, represent
the impedance of the current measuring and voltage measuring devices
respectively (oscilloscope and X-Y recorder). If we write the net-

work equations for this bridge we readily find that

R
R

R,R

_ I
RZRI - R2R3 Isamp]e

R ORE

-~ "2"3
FRR; F

(14a)
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Bridge Circuit Used for AC and DC Measurements on the

Tunnel Test Devices
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and of course
YRy = Vsamp1e (14b)

Typical values used are R] = 1 k&, R2 = 30 k2, R3 = 200 k2 ten turn
pot (for nulling the bridge) and RI = RV = ] megR. The actual transfer
ratio for the bridge is I/Vpy = 36.36 pA/V.

This bridge was connected to an oscilloscope and X-Y recorder,
and the I-V characteristics of diodes and resistors were obtained
very satisfactorily. In order to automate the measurement process,
we designed a circuit to provide a constant DC sweep through the
range -1.5 to +1.5 volts. This circuit, shown in Figure 17, is
basically a DC integrator with a DC offset voltage. This circuit
has the feature of being able to select three different sweep rates,
a hold position, and a rapid discharge. Sweep rates range from
10 min/v tc 60 min/v.

The next question involves AC measurements, and whether the DC
equipment can be suitably modified. The important points in AC
measurements are first, because of large capacitance, we need phase
detection techniques, and second, bécause of 60 cycle and ather
noise problems, we need frequency se]ection and filtering. It
happens that the PAR Lock-In Amplifier, Model HR-8 is ideally and
unique]y‘suited for these measurements, in having both phase and
frequency detection capab11ities, as well as high gain.

Our DC. bridge will be of value for AC measurement if, and only

if, we can accurately separate the in-phase tunneling component and
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the 90° out-of-phase displacement current component. If the tunneling
device is modeled as a parallel RC network, the AC analysis carried
out in Appendix D shows tang of Vg /V, = 10'4, i.e. zero for all
practical purposes. This means that the measured output voltage is

in phase with the applied signal and pure real. Now we have both a
phase and a frequency reference to compare the device current with.

The lock-in amplifier is tuned to the desired frequency, and then,
with no sample connected, the amplifier output is nulled using the
phase control. Tt is important to note that even with no test device
in the circuit, the external Tead and fixture capacitance is signifi-
cant (on the order of 100 picofarads). So that by using phase-nuliing
of the amplifier, we are in effect removing the 90° out-of-phase
component. We verified this operation of the amplifier by attaching
capacitors (with values ranging from 1 pf to 10 uf) to the bridge
and observing no departures from null. However, when a parallel RC
js attached, the amplifier output is proporticnal only to the
conductance, even at extremes of R =2 megQ, C = 10 uf, and f = 25 kHz.
Therefore we can use this Wheatstone resistance bridge for DC and AC
measurements in conjunctibn with the PAR HR-8 Lock-In Amplifier.

The sensitivity of the bridge and lock-in amplifier, and the high
-11

signal to noise ratio, permit measurement of DC current down to 10 amp

and AC current to 10'13 amp. This range is more than sufficient to
handle the tunnel devices we have fabricated.

The final step is that of mounting and contacting the sample. As
discussed in the previous section, it was judged too inconvenient to

dice the wafer into chips and then bond these chips to headers.
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Instead, we etch the back of the wafer to bare silicon using HF. Then
a cylindrical brass block is etched with HC1, and the wafer placed on
this block. The HC1 serves the dual function of cleaning the brass
and acting as an electrolyte for good ohmic contact. Contact to

the funne] devices on the front side of the wafer is made with a
stainless steel probe tip. Measurements on virgin silicon wafers,
both n- and p-type, showed this technique to provide good ohmic

contacts (resistance = 10 ohms).




A. Results

Experimental results were obtained on twelve different test

wafers. These results include DC current-voltage (I-V) curves,

IV,
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DC conductance, AC conductance at 10, 100, 1000, and 10,000 Hz, the

difference between AC and DC conductance (to calculate surface state

distribution), and capacitance-voltage measurements.

are identified in Table I.

Sample number Type
P-63 P
P-73 p
N-73 n
N-83 n
N-124 n
N-134 n
N-144 n
P-154 D
P-164 p
P-174 p
P-184 P
P-194 p

Table 1

Insulator thickness

Denotes rough estimate.

*
40A

*
20A
58A
62A
52A
30A
30A
56A

*
51A
31A
674

*
24A

The samples

Dopant (type,

/cm3)

boron
boron
phosphorous
phosphorous
phosphorous
phosphorous
phosphorous
boron
boron
boron
boron

boron

1
4
5

x 101°
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DC Measurements. 1In order to determine the correlation between

the tunneling theory of Chapter II and actual device performance,
we performed a series of measurements. The first of these measure-
ments was the DC current-voltage characteristic.

Typical DC tunnel currents were in the 105%orange; therefore,
no special precautions other than short leads and direct grounding
were needed for electrical measurements. A problem resulted,
however, in making probe contact. If probe pressure were too light,
contact resistance was high and the measurements were not reproducible;
if pressure were too great, aluminum was scraped from the silicon
dioxide and no contact was made. A successful technique was Towering
the probe to the silicon surface adjacent to the contact pad, and
the sliding the probe over to the aluminum, thus making contact.
Measurements made using this procedure had low contact resistance
and were reproducible.

Each test wafer had several hundred devices, and while many
devices wére non-functional (such as those at the wafer's edge where
photo-resist build-up occurred), most exhibited uniform characteristics
across the wafer. These characteristics were examined by measuring
the current at a fixed voltage for a ten by ten array on each wafer.
The measured currents were within +3% of each other for the arrays.

The DC I-V characteristic of Figure 18 clearly shows the
existencé of a_conduction well in the n-type sample. This well
results from the forbidden region.of the semiconductor, i.e. the

tunnel gap which distinguishes MIS from MIM tunneling.
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There are small perturbafions observed in this well which are
attributed to the transient response of surface states. These
perturbations will be discussed in the interpretation of results.
Note that in this figure the width of the conduction will is Approx-
imately 1.1 eV, the band gap of silicon. Furthermore, the voltage
to the positive side of the conduction well corresponds to the
valence band-Fermi level separation (= 0.7 eV); and the voltage to
the negative side of the well corresponds to the Fermi level -
conduction band separation (= 0.4 eV). While in this example the
tunnel chafacteristics provide a basis for useful spectroscopic
analysis oflthe semiconductar, thére are instances where this
techniqgue does not apply, that is, when the semiconductor surface
becomes depleted before the band edges are reached, as we see in
the p-type sample of Figure 19. Of course, the surface of the
n-type sample also becomes depleted, however, as seen in the example
of Figure 18, depletion occurs after the band edge is reached.

In the enhancemént mode for the n-type sample, that is, positive
bias on the metal, the tunnel current rises exponentially with in-
creasing voltage. With negative bias, the current starts to rise
again (as in MIM tunneling) butthe Qemiconductor surfate is depleted,
the cufrent level becomes saturated (-.8 V), and the conduction
decreases from a maxima (at -.7 V). The p-type sample (Figure 19)
shows drastically different I-V characteristics. Since the bands
at the surface of the silicon are bent down, the surface appears
more n-type or less p-type. The n-type sample is actually enhanced

at zero bias, and depletion does not result until fairly large
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negative voltages are reached (-.8 V); but the p-type sample is
depleted at zero bias, thus the positive voltage side of the conduction
well is not seen. In the accumulation mode, electrons become avail-
able for tunneling, and the current and conductance increases.

During processing of the tunnel devices it is possible for
the aluminum to alloy with the semiconductor and form an ohmic contact,
or to just contact the semiconductor and form a rectifying barrier.
By direct observation we see that conduction is nonohmics furthermore,
in an injection mode the current would be strongly dependent on

(43) and 111umination(44)

temperature , as both change carrier concen-
tration in the semiconductor. The tunnel samples were heated on a
hot plate to 85°C and virtually no changes* were seen as compared
with room temperature I-V characteristics. The samples were measured
" under no illumination, under the illumination of a microscope lamp,
and that of a 250 watt spot 1ight; no photo-effects were observed.

This Tine of experimentation gave confidence in the tunneling
characteristics, especially in the éase of p-type samples which,
due to band bending, were depleted with no applied bias, thus showing
a characteriéfic similar to a reverse biased diode.

The DC conductance was calculated by graphically differentiating
the DC characteristics of Figures 18 and 19. Thié,mechanica] process
was relatively inaécurate (estimated up to 20% error), but no other
technique was readily available for measuring the DC conductance. The
DC condUCtaﬁce is shown in Figures 18 and 19, and will be discussed

in the interpretation of data.

Exception, see page
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AC Measurements. Ac measurements were made in an attempt to

study the dynamics of tunneling currents and surface states. Typical
AC currents were in the 10'10 amp range. Thus, special precautions
were needed for electrical measurements. Care was taken with respect
to lead length and layout, using only shielded cable, shielding of
apparatus and connections with metal boxes, and the use of a two level
ground system where distinction was maintained between "earth" and
chassis ground. Even with these precautions, many times noise levels
were too high to make AC measurasments, because the laboratory was near
high noise RF generators, and in the path of meteorological radar.
We frequently resorted to late evening - early morning experimentation
to complete AC measurements.

For the AC results, Al is measured ih response to a fixed AV
(0.5 mV) superimposed on the DC bias. Therefore the AI curve is
directly proportional to AC conductance, and the ordinates on the
ACvcurves of Figures 18 and 19 are in mhos, while those in Figures 20
and 21 are in Tog mhos.

The important features of the AC conductancg curves (Figures 18
and 19) are the AC conductance well; that féct that 10, 100 and
1000 Hz curves are almost identical while the 10 kHz curve is
considerably different; and that the AC conductance in the forbidden
gap region is orders of magnitude greater than DC conductance in
that same region. Each of these features is significant and will
be discussed in the interpretation of results.

The insulator thickness data of Table I were obtained by plotting

capacitance-voltage curves (CV), finding the capacitance associated
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with the tunnel insulator, and substituting this value into Equation E(2)}
of Appendix E. The CV measurements were taken on a Boonton Capacitance
Meter at a frequency of 10 kHz. The same probe contacting setup used
for DC measurements were employed, and these measurements proved
especially simpie to perform.

This thickness calculation depended on the assumption that a
capacitance could be defined for the tunnel device. A tunnel
capacitance was defined if the CV curves showed a constant value
of capacitance when the semiconductor was brought into accumulation
(positive bias on the metal for n-type semiconductors, and vice versa).
This constant accumulation capacitance is analogous to the case of
thick insu]ator MOS capacitors and Figure 22 shows such an example.

In many other devices no constant accumulation capacitance range was
observed (Figure 23), indicating departures from the ideal behavior

of the MOS capacitor. For these devices, insulator thickness was
roughly estimated using the capacitance at a predetermined bias
voltage. This was, of course, only a guess, and a different procedure
was derived (Equation 19).

A discussion of MOS behavior and interpretation of CV data
are presented in Appendix A. Departures from the ideal behavior
occur when tunnel currents become appreciable as compared to the
displacement current. In this non-ideal case, arguments relating
to space charge effects do not hold valid. The implications of
this nonequilibrium effect will be presented in the interpretation

of resuits.
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In this section we have presented the experimental data using
typical curves to illustrate measurement detail. For completeness
we have inciuded data on all the other test wafers in Appendix F.
Figures F1-F10 show the I-V characteristics and conduction data.
Figures F11-F20 show the log of this data, and Figures F21-F30

show_the CV curves.

B. Interpretation of Experimental Results

DC Measurements. The DC I-V characteristics shown in Figures 20

and 21 yield much valuable data on the semiconductor used in the MIS
structure. These are: |

1) type of material (n- or p-type)

2) onset of semiconductor depletion

3) flat band voltage

4} surface potential and surface state concentration.
P-type material will deplete with a positive bias on the metal, and
h-type for negative bias. From observation of Figures 20 and 21
we can readily see where departures from exponential I-V character-
istics occur, and saturation results indicating depletion. If this
saturation occurs for positive bias on the metal, the semiconductor
is p-type and vice versa. The onset of depletion is an important
fact becéuse it indicates when the electric field starts to penetrate
into the semiconductor (i.e. the vo]taQe drop is no longer across
just the insulator) and when the bands are flat. The applied voltage

at the onset of depletion is the flat band voltage Vfb’ which is also
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the surface potential y.. We can immediately determine the surface
electron concentration from

2/3

ng = [ny exp(-qy /kT)] (15)

s
where ng = surface concentration (cm'z), and ny = bulk concentration (cm-3).
We can use another technique for estimating surface charge which
also provides an approach to thickness measurement. Under the assumption
that the voltage drop is entirely across the insulator, the boundary
condition to Maxwell's Equations gives us the surface charge at the

insulator-semiconductor interface as

qurface = etk (16)

At the onset of depletion, the field strength in the insulator is

a maximum (no field penetration into the semiconductor), and is

‘Emax - Vsat/d (17)

Thus we can write the surface state concentration as

ng = qurf/e - E':\‘(sat/Ed (18)

and solving for d we obtain

d = eV.../en (19)
sat S

where we solve for n. from equation (15). 1In Table II data are

S

presented on the surface potential, surface charge, and insulator

thickness.




Table 11

Device number _cleV) gs(cm"z) d(A)
P-63 002 1.1 x 10'° 45
P-73 .008 9.5 x 10'0 19
N-73 -.176 6.9 x 10 55
N-83 ~.080 2.8 x 10" 61
N-124 -.090 3.6 x 10" 54
N-134 ~.202 1.4 x 1012 32
N-144 -.070 4.8 x 101! 32
P-154 012 5.4 x 10'° 49
P-164 018 7.2 x 1010 54
P-174 .002(-) 1.1 x 1070 40
P-184 016 4.8 x 1010 72
P-194 .001(+) 9.6 x 10° 27

The DC tunneling characteristics of MIS devices are in good
agreement with the theory. The modified Stratton equation (13)
shows excellent agreement with the MIS tunnel curves of Figure 24.
The deviations from modified MIM tunneling occur only when depletion
occurs, i.e. when the field penetrates intc the bulk of the semi-
conductof._

DahTke and'Sze(37) have made the observation that if doping is
‘relatively low or the oxide film is extremely thin, then most of the
applied voltage will drop across the semiconductor. In this case

the Fermi Tevel of the metal is pinned to the semiconductor surface,
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meaning that the applied voltage bends the bands of the semiconductor,
so that the meta]-semiconductor barrier height is the same for all
applied voltages. In this case of course, we have the Schottky
barrier diode. What these authors have neglected, however, is the
intermediate case, where for one range of voltages the field is
entirely across the insulator (tunnel emission), and for another range
the field penetrates the semiconductor, which could possibly cause the
Schottky type emission.

We examined this intermediate case and found‘that for n-type
samples, the measured currents are indeed tunnel currents, as éhecked
by temperature dependence. This would be expected in light of the
fact that depletion does not take place immediately. For the p-type
samples, however, which are depleted with zero bias, we notice a
temperature anomaly. For negative bias and for very sﬁa]l positive
bias (V = 75 mV) the measured currents are temperature insensitive,
indicating tunnel conduction, but for larger positive bias the current
exhibits a positive temperature dependence. Furthermore, this
depletion current is relatively independent of bias, thus appearing
analogous to the reverse current in a diode. Since we have already
ruled out injection because there is no photo-e]ectric effect (see
page 60), the conduction mechanism in the positive biased p-type
sampTes must be Schoftky emission. As suggested by Dahlke and Sze,
increasing the doping concentration or insulator thickness will
elTiminate the Schottky barriers.

An impdrtant feature of the DC conductance curves (Figures 18
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and 19) s the appearance of a conductance well (very low conductance
within the bandgap region, but the well width is not necessarily

the width of the bandgap). Other 1nvestigators(28’45’46) have
reported a conduction well, but their results have been found to

(23), For example, waxman(45’47) discusses the

contain inaccuracies
width of the conduction well in terms of depletion layer thickness

in the semiconductor. These calculations are based on the fact that:
quasi-equilibrium conditions exist, i.e. tunnel currents are small
and a true capacitance may be defined. As it turns out neither of
these assumptions generally hold true, because tunnel currents can be
fairly Targe (on the order of the displacement current) and as we
show in Figure 23, the capacitance-voltage plots are not the same as
those for thick insulator MOS capacitors. The large conductance well
predicted by Waxmanh is not consistent with other data(28’37), nor
with ours, nor even with some of his own experimental curves, because
one of his basic assumptions, i.e. a well defined MOS behavior as

jndicated by CV data, does not hoid. C. B. Duke(23)

points out that
Shewchun et a].(46) are in error on thefr calculations because they
neglect image-force potentié] and trapped charge in the insulator.
They make several other simplifying assumptions, and conclude a
conductance well wider than actually observed.

The obsePVation’of the conductance well is significant because
it clearly shows the distinguishing characteristics of MIM and MIS
tunneling.

We have made careful analysis of this conductance well with
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respect to CV data and equilibrium assumptions, and have found that
the position of the side of the well is determined by the band edge
of the semiconductor except when:

1) the CV curves show a constant capacitance range for accumula-
tion bias less than the Fermi level-band edge voltage, or

2) the semiconductor surface becomes depleted at a voltage less
than the Fermi Tevel-band edge voltage.
In these exceptions, the position of the side of the conduction well
is determined by space charge Tlayer considerations as Waxman and
Shewchun predicted. In 6ur more general findings, however, the
conduction well side appears at the voltage corresponding to the
Fermi Tevel-band edge separation, thus providing us with a spectro-
scopic technique.

AC Measurements. As postulated earlier, interaction with a

surface state is made when the applied DC bias sweeps the Fermi level
of the metal to the energy of the surface state. Then the small
signal AC perturbation (superimposed on the DC sweep) causes the
state to charge and discharge, producing a steady state signal.
Clearly this steady state current will increase with increasing
density of states.

The DC conductance results primarily from tunneling interaction
with the conduction énd valence bands. The interaction with surface
states at DC is greatly reduced due to charging of the4surface states
and the resU]ting thermal equilibrium. This idea is verified by

experiment (DC conductance in Figures 18 and 19).

T SR

R IR R ———— : - RV s . v o——



74

AC conductance, on the other hand, results from interactions
with both the band and intergap surface states. As described earlier
(page 34), the AC perturbation superimposed on the DC sweep provides
a steady state tunnel current resulting from electronic surface structure
within the gap. Thus the AC measurement reflects the contribution of
surface states to tunnel conduction.

The two most important parameters to consider with respect to AC
conductance are the recombination-generation times of the surface
states, and the effects on the tunneling barrier height as a function
of applied bias.

The tunnel barrier for our MIS devices is the conduction band‘
edge of the silicon dioxide. This results from oxide band bending
due to interface charge, making the insulator appear extrinsic (n-type)
rather than intrinsic as would be expected. Using the rather good
assumption (see page 27) of a trapezoidal tunneling barrier. the
effective change in barrier height is Vapplied/2- Using equation (2)
we can esfimate the effect of the barrier height change on tunneling
probability.

Tty = eet-2Ty V200 v 210 - ) (20)

Now if V/2W is less than one (Vo = 1 and W = 2), a series approx-
imation yields

%!))— = exp[-2( ‘hé)]/z 4w¥/2 (x2 - x1)1 (21)
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and substitution of typical values,
%%)7 = exp[-.057(xp - x)v] & p7T(v) (22)
where x5 - x7 is measured in A, and V in volts.

This expression shows that the contribution of electrons to the

~ tunnel conductance is enhanced with negative bias on the metal.
Therefore the first step in converting tunnel conductance into
density of states is to scale the conductance curves by the recipfoca]
of equation (22), i.e. P(V).

We now consider the effects of the recombination-generation time
of the surface states. Because the displacement current is usually
large compared with the tunnel current, phase detection methods are
hecessary to separate these two components. In fact, we must always
look only at the in-phase signal, because even a small component of
the 90° out of phase displacement current can mask the tunnel current.
Therefore we have to be certain that the tunnel current is indeed in-
phase.

(48) that the tunnel transiton time is very

It has been reported
fast (on the order of 10710 seconds). For this reason it is the time
delay due to recombination-generation, rather than tunneling, which
would cause the tunnel current to lag behind the signal voitage,
thus cauging a phase shift. The fast surface states, Qgq, have

5 6 seconds(B’g), and if the time

recombination times of 10~ to 10~
constant of -the applied AC signal is large compared with these
recombination times, the phase shift will be very small and will not

affect the tunnel current measurement. At higher signal freguencies,
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meaning smaller time constants, the phase shift will become appreciable,
and only a component (the pure real component) of the tunnel current
will be measured. In effect, at lTow frequencies, electrons are free
to contribute to tunneling, but at higher frequencies electrons in
traps can not escape quickly enough to follow the signal frequency,
and thus the number of electrons available for tunneling is greatly
reduced. |

- This effect is experimentally verified in Figures 18 and 19.
We find that at the Tower freguencies, 10,100 and 1000 Hz, the tunnel
conductance curves are essentially the same. At higher frequencies
(10 kHz) however, the conductance has decreased considerably, and it
drops very rapidly with increasing frequency.

Another way of expressing this same result is that at Tower fre-
quencies the full amount of charge available for tunneling is trans-
ferred and does contribute to the tunnel current. Of course this
charge, the fast surface state density at a given energy level, is
transferred according to the tunnel probability of equation (4), but

the magnitude of this charge can be determined from the tunnel current.

Oss = f‘]tunne1dt (23)

Since we measure the RMS value of the tunnel current with the lock-
in amplifier, and the tunnel current is sinusoidal,

Jt'unne](t) = V2 dpyesin(2nt/T) (24)

and the charge transferred during tunneling is
T/2

QSS = [ V2 JRMSS'IH(ZTTt/T) (25)
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Evaluation of this integral yields

TV2 JRMS
Qg = —F— (26)

™
Now if we factor in the tunnel area, electronic charge and AC
. ) 2 :
perturbation voltage, the surface state density, #/cm-/eV, is

T2 JRMS

NSS = TmeAAY (27)

As discussed earlier, the AC measurements yield information on both
intergap and band edge states, while the DC measurements primarily
represent the band edge contributions. If we subtract DC from AC
conductance, we have a.AG due to intergap surféce states and

Al ~ = AL J
_ AC DC RMS
AG = v = 7 | (28)

the change in conductance data are p]otted in Figures 25, 26 and

F31-F39. Substitution of equation (28) into equation (27) yields

TV2 AG

Nss = “reh

This result contains a time constant T, meaning Ng. seems
frequency dependent. We must remember, however, the mechanism of
this tunnel charge transfer. At some positive value of the sinusoid,
a threshhold voltage is reached where electrons tunnel from the
semicondﬁctor surface states to the metal in a time determined by
the recombinatidn—generation time Trg of the fast states (= 10'6

seconds). As the sinusoid goes over the peak and descends to this

same threshhold voltage, the same surface states fill in another
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recombination-generation time constant. For the negative going part
of the sinusoid we see a similar effect. At a negative threshhold,
electrons tunnel from the metal to semiconductor surface states (at

a different Tevel, of course, from the positive part of the cycle) in
a recombination-generation time constant. And, after the negative
peak, electrons tunnel back to the metal in a recombination-generation
time constant.

Thus during one cycle of the AC perturbation, a minimum of four
fast state time constants must occur for maximum tunnel charge transfer.
At high frequencies (T < 4 Trg)’ the charge does not have a chance to
transfer and tunnel current will greatly decrease.

At Tower frequencies (T > 4 Trg) full charge transfer will occur,
but the integral of Jdt is not a true measure of tunnel charge because
of the "spaces" between the four fast state time constant pulses.
Therefore an accurate measure Qgq from equation (23) is made when T
equals four recombination-generation time constants (i.e. T = 4 x 10_6
second if we assume a typical value of Tpg = 10'6 second) .

Using this value for T, equation (29) becomes

Neg = 5.54 x 1017 16

and by bringing back the tunnel probability factor equation (22), the
conversion from change in conductance AG to actual number of surface
states/cmz/ev becomes

17

‘ NSIS -= P(V)NSS = K.54 x 10 exp[.057(x2 - X‘[)V]AG

Typical results of this calculation are plotted in Figures 27 and 28,

and the data on the other test wafers are presented in Appendix F,
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Figures F40-F48.

We must point out at this time that there is a subtle difference

between High frequency techniques causing a phase shift and high
frequency . techniques causing a reduction in charge transfer. At
frequencies when the phase shift comes into importance (= 104 Hz),
charge transfer is still complete; however, the lock-in amplifier
measures only the in-phase component which decreases proportionally

6

to the cosine of the phase angle. At higher frequencies (= 10" Hz)

"in addition to this phase shift, the recombination-generation times

of the states do not permit all the tunnel electrons to follow the
applied signal.

A further comment on the AC conductance curves is necessary.
Analogous to the DC conductance well is an AC conductance well. We
have found, contrary to that reported by Waxman(as), that the AC
conductance curve forhs a we]1, but for biases which take the semi-

conductor into depletion, the side of the well drops to a minima

83

rather than rising continuously. This effect is apparent in Figure 18

and, of course, results from the depletion of surface electrons which

contribute to tunneling.
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V. SUMMARY

In this research, the theory of MIM tunneling is developed and
adapted to MIS tunneling. One essential point is the approximation
of the tunnel transimission coefficient. The various approximation
techniques include the Stratton method involving an expansion of the
transmission expression, which we have used here; the WKB approxi-
mation; the Holm-Chow-Simmons method, where the actual barrier is
replaced by an equivalent rectanguiar barrier; and of course, exact
numerical integration worked out on computers. Duke discussed these
techniques and showed that for Timited voltage ranges (|V| < 1.8 volts),
these methods all hold within a few per cent of each other. Other
modifications discussed include the tunneling gap, the transition
probability, and the field distribution in the insulator.

Other investigators have reported a tunnel conduction well, but
have made errors in their interpretations. We have, for the first
time, reported that the sides of the conduction well correspond to
the semiconductor band edges whenever the tunnel current is appreciable
compared with the displacement current.

We report an unusual device, which for one range of voltage,
the conduction mechanism is internal field emission (tunneling), and
for anofher range, the conduction mechanism is Schottky emission.
When these devices are operated in depletion the electric field
penetfates the semiconductor, and the Fermi level of the metal fis

pinned to the semiconductor surface. The barrier height remains
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- constant, ana]dgous to the situation of a reverse biased Schottky
diode. In the enhancement mode, the electric field drops entirely
across the insulator, i.e. the case of internal field emission. The
curfent in the enhancement mode is relatively temperature insensitive,
while in the depletion mode a positive temperature dependence is
measured. This temperature dependence characterizes a "hybrid"
tunnel-Schottky devicé. "The hybrid effect is seen only in p-type
samples because these devices are depleted with zero bias, indicating
strong depletion and field penetration into the semiconductor for
posifive bias. The n-type samples are not depleted until negative
voltage approaching the band edge is reached, thus the conduction
mode is always tunneling.

We present a new interpretation of the AC tunnel mechanisms.
Rather than modeling a tunnel time constant as others have done, we
have made careful phase measurements of the AC tunnel conductance
and arrived at the following conclusions. If sufficient time is
allowed for a state to completely fill or empty (i.e. a recombination-
generation time constant Trg plus a tunnel transition time t4), the
measured tu-nel current will be independent of frequency. At higher
frequencies, states can only partially fill or empty, thus tunnel
currents will decrease with increasing frequency above some fixed
value of frequency. Since 1y << Tyg» this critical frequency is
determined only from Trg; Experimental data agree with our observa-
tion that AC tunnel currents are constant over a wide frequency range,

but decrease at high frequencies.
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The value of tunneling spectroscopy as a tool for studying
semiconductor surfaces is determined by the diversity of data obtained
using this technique, and, noting that tunnel phenomena probe only
the outer surface of the semiconductor under investigation (because
tunnel probability tells us that 99% of the tunnel electrons come
from within 5A of the surface).

Data obtained on silicon using tunnel spectroscopy include the
type of material (n- or p-type), the surface potential, the surface
charge (these data are presented in Table II), and the surface state
distribution as shown in Figures 27 and 28. The surface charge

2 2 and fast surface state densities

ranges from 1010/cm to 1012/cm
fall into the 10”/cm2 range. These measurements are in good agreement
with measruements using other techniques reported in the literature.

We observed peaks in the surface state distribution near the band
edges, while concentrations were relatively small deep in the band

gap. It is interesting to compare the surface state distributions

of Figure 27 and 28, with data obtained using other experimental
techniques (field effect, capacitance-voltage, surface recombination,
contact potential, etc.). Many(S) summarizes these data, and for
convenience, they are reproduced in Table I1I1. These measurements

show dié;rete levels distributed throughout the band gap and give

indication that a continous distribution is apropo.




Table III

*
Summary of Fast State Measurements on (1]1) Silicon Surfaces

Position (eV) Density me_z)
425 2.5 x 107
400 -

375 8.0 x 10
275 | 1012
250 -
138 2.0 x 10"
125 | 10'?
100 10'?
075 | 10'2
013 2.0 x 10"
.000 5.0 x 10'2
-.050 10'2
~.075 3.0 x 10"
-.175 10"
-.200 3.0 x 102
~.300 3.0 x 10'2
- .400 ‘ 3.0 x 102
_.425 1.5 x 10"
. (8)

From Many
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Suggestions for Future Work

In order to more fully develop the technique of tunneling
spectroscopy, theré are certain work areas not covered in this
research which should be carried out. ATl of our measurements

were done on the (111) surface of silicon, yet the (110) and (100)
| planes are also of importance. It has been found_that the fast
surface state density decreases as we go from the (111) to (110)
to (100) planes, and it would be of great value to make tunneling
measurements on these faces and determine correlation with the
capacitance-voltage measurements.

We have observed hysteresis in our tunneling measurements,
similar to that occuring in capacitance-voltage experiments. We
feel this hysteresis results from the drift of mobile ions (sTow
states). Waxman has also reported hysteresis, but no one to date
has tried to extract slow state data from this phenomenon. Analogous
to techniques used in capacitance-voltage experiments, it should
prove relatively simple to make slow state measurements.

An important set of measurements necessary to deepen our under-
standing of tunneling is low temperature data. It is at Tow temper-
atures (below 77°K) where all other conduction mechanisms become
negligible with respect to the tunnel current. Furthermore, by
observing the behavior of the measured current over a wide temperature
range, we can be better able to label currents as tunnel, ohmic, or
Schottky (Poole-Frenkel).

Finally, a very important potential application of the tunneling




spectroscopy technique would be its use on different semiconductor
materials. There are many fabrication problems to overcome in using
different semiconductors such as oxide growth, photo-processing or
other masking technique, metallization, and electrical contact.
However, with the increasing interest in new materials, particularly
gallium phosphide, gallium arsenide, and indium antimonide, it

would be worthwhile to approach these problems in order to get new

surface measurements.

89
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Appendix A

The Field Effect and Capacitance Voltage Technigues
- for the Investigation of Semiconductor Surface‘States

I. The Field Effect

The field effect device is merely a metal-insulator-semiconductor
(MIS) sandwich, with contacts on the metal and semiconductor. When
a voltage is applied to the metal plate, a charge is induced at the
semiconductor-insulator interface, thus changing its semiconductor
properties. An estimate of the change in surface charge, i.e. change
in surface conductance, can be made from the electric field strength.
The observed change, however, is only a fraction of the expected change,
on the order of 10%. This is due to surface states trapping the induced
charge.

Sinusoidal Field Effect. 1If a sinusoidal voltage of varying

frequency is applied to the metal plate, the change in conductance will
range from its theoretical maximum at high frequency to a minimum at

Tow frequency. At high frequencies, the electrons are moving too fast

to fall into traps, so all mobile carriers contribute to the conductivity
(region D of‘Figure Al). As the frequency decreases, the traps or
surface states with fast recombination times (fast traps) start to fill,
and the observed conductivity is lower (regions B and C of Figure Al).
Finally, at Tower freduencies, the slow traps start to fill, and the
conductivity will reach a minimum (region A of Figure Al).

The very fast surface states (recombination time Tess than
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microseconds) are labeled as QS, and very little is known about them,

except that the density is on the order of 1010/cm2, and that they

are located at the semiconductor-insulator interface. The fast surface

states, st’ (recombination time ranging from milliseconds to micro-

seconds) are attributed to silicon at the interface (non-stochiometric

5102). It has been foun&4%gat density of Q. 1ﬁcreases with oxides

grown on (100) to (110) to (111) planes. This is due to the fact that

the (100) planes best accomodate the 3102 structure(so). The slow

states (recombination time ranging from tenths of seconds to seconds)

are denoted by Q> mobile ions in the oxide, and by qurf’ very slow

states caused by absorbed gases on the outer oxide surface and moisture.
The surface charge, Q, induced by an applied voitage V is

Q = CV. The surface charge consists of induced charge in the space

charge region, AQSC, and charge trapped in surface states, AQSS.

The space charge can be written as AQSC = q(ApS - Ang) and the change

in surface conductance as AG, = q(upApS + unAns). Note that AGg/AQg

has the dimensions of mobility, and this ratio is defined as the field

effect mobility.

i Q(UPADS + upbn,)

Q(Aps = Ans) + AQSS

Hre

In the limiting case where the material is either n- or p-type, it is

or u_, depending

easily seenthat Hea is less than the bulk mobility, My D

on AQSS.
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-1
up{1 + 4Qg /abpg) p-type, AQ, > O

Hee 1
-un(1 - AQSS/qAnS) n-type, AQ ¢ < 0

Ndw the various field effect parameters can be determined by
plotting AGS vs induced surface charge Q, for the experimental and
-theoretica1 cases (Figure A2), where the theoretical plot fgnores
trapped surface charge. The intercept of the experimental and
theoretical curve at Q = 0, yields the surface potential (us). The
horijzontal difference between the two curves yields AQSS as a function
of the surface potential (figure A3)(5]).
The energy of the surface state, Eg, is determined from the

inflection point of dAQg¢/dug. And the density of surface states, Nys

is determined from the slope of Figure A2 at pg = Ey, i.e.

Nt = -4dQS/duS

Pulsed Field Effect. If a voltage pulse is applied to the metal

plate, the time constants of the surface state can be measured directly,

as indicated in Figure A4d. The kinetics(52) of the system are:
dnt
T - -g(Ne - nelng + rnc(Ng - nt) (AT)
where ng = no. of electrons in surface states
N¢ = no. of traps
nC = free electrons at surface
NC = C.B. state
r = recombination rate

generation rate

[{=]
1]
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. . nc(Nt ) nt)
At equilibrium dny/dt = 0, and g/r = Iﬁﬁrj—ﬁzjﬁz-. (A2)
Now
NC .
Ne = expTEc - Ef)/kT + 1 (A3)
and
"t = JexplE, - EQJ/KT + 1 (A4)
where v = statistical factor. So,
g/r = vexp(E, - E.)/KT (A5)
If we apply a pulse such that n. goes to né where n. >> né
then dnt/dt = -gN.n, (A6)
and n, = A exp(-t/ 1) where T = 1/gN, (A7)
Now combining (A7) and (A2) we get
1/t = ryl, exp(Ey - Eg)/kT : (A8)
If we define a capture cross section as o(T), then
ro= o(T) vg (A9)
where
vp o= @kt (A10)
Finally,
(Nvp)™h = vo(T) explE, - EQ)/KT (AT1)
where yo(T) is the effective capture cross section and
N, = 2(em kT/h?)/¢ (A12)

Since we directly measure 1, we plot Rn(TNCvT) vs 1/T. The slope
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of the line yields E. - E; and the intercept is 1/va(T).

Now the density of surface states N, can be determined from the
kinetic equation by making ny suddently small {(voltage pulse goes to
zero) as in Figure A4.

When the pulse goes off and ny >> n%,

dng/dt = -rncNy = -U(T)anCNt | {A13)

or

e

B exp[-to(T)v;N:], (A14)
we graphically measure 1 = (ovTNt)-1 and since we know o(T) and Vi

we can determine Nt' Typical parameters are: capture cross section

for fast traps, 10?13 cm2; for slow states, 10-17 cmz; trap densities

1 12 m—2 (8).

on the order of 10" to 10~ ¢

II. Capacitance-Voltage Characteristics

This technique provides a way to calculate:
1) the effective charge, Qg5, at the surface of the semiconductor
(directly);

2) the charge in the bulk of the insulator (Na+) (indirectly);

(98]

)
) the impurity Tevel of the semiconductor (directly);
) the

4) the insulator thickness (directliy);

5) the surface state dynamics.
The features of the capacitance-voltage curve are seen in Figure A5(53).
In the_MIS capacitance struatdre, if we assume no charge density

in the oxide or semiconductor-oxide interface, than at accumulation

conditions C = C oxide = eOA/xo. At inversion, the capacitance is
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Reduced to the series capacitance of the oxide and space charge layer:
1/C = Xg/Egh + x4/eA : (A15)

_ . . . _ 1/2
where Xq = maximum depletion Tayer thickness = (4ES¢Fermi/qN) .

And the depletion approximation(SB) between accumulation and inversion
is g%ven by
2 2 \1-1/2
C/Coxide [T+ 2€Oxvg/(qN€Sxox)] (Al6)

The frequency effects are explained in terms of surface state
dynamics and the mechanisms of the space charge layer. According to

(54), we consider the effect when a positive voltage applied to

Grove
" an MIS structure is increased by a small amount. As the voltage is
increased, more negative charge is induced in the silicon. For the
p-type material, holes will be pulled out from the edge of the depletion
region and its width will increase slightly. If electron-hole pairs
can be generated quickly enough within the space charge layer, the
generated holes will replace holes pulled out from the edge, and the
generated electrons will be attracted to the surface to form an
inversion Tayer. Therefore, at high frequencies, generation in the
SC1 is not fast enough to follow the signal change. Thus we measure
a series oxide and depletion capacitance. At low frequencies, however,
this inversion Tayer does form, and the méasured capacitance is that
of the okide layer alone.

Shifts from the ideal conditions, i.e. zero flat band voltage

(zero voltage - zero surface potential) are brought on by charges in

the insulator, charges at the semiconductor surface, and the metal-




semiconductor work function, ¢ _. These effects cause the C-V curve

ms
to be shifted to the right or left by the flat band voltage, Vfb(s).

X0

Vfb = ¢ms - QSS/C0 - 1/C0.gr X/xg p{x)dx

99

(A17)
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Appendix B

The Jacobian Matrix

In the derivation of the tunnel current, we had need to change
the variables dEydE, to dEdE, [Equation (8)]. The Jacobian Matrix(55)

gives the following relation.

ax Ay
u 9z
dudz =  dxdy XK, 2 (B1)
ou 9z
y 3y
au 9z
letu=E,2z=E,x=u+z=E +E =Fandy-=2-= E,» then
the value of the determinant is 1, and
dELdEx = dEdEx (B2)

as desired.
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Appendix C

Conduction Mechanisms jn MIS Structures

1. Ionic conduction. Pertinent equations(56)t

Low field conditions, i.e. Eef << kT,

J = nv Eek% = J, E%-exp(—d;/kT) (c1)
High field conditions,
J = nekv exp(Eet/2kT) = o exp(-¢/kT + Eet/kT) (c2)
where J = current density, E = electric field strength,
n = jonic carrier density, & = distance between defect or
impurity sites,
v = average ion velocity = (kT)B/mH?’\)2 [exp(~/kT)]

where v = vibrational frequency .Lto jump and¢ = barrier height.

2. Tunneling and internal field emmission. Pertinent equations:

As discussed in Chapter II, Section A, the transmission probability

is b
2 1/2_[ v(x) - £1"%dx} (c3)

T(E) = exp{-2(2m/h%) a

e

and the total current J =3 . - j . fis

0 E
3, = g—ﬂ%jo.dE[f(E) - f(E + eV)] {T(Ex)dEx (c4)

Now if we considerrspace chargeeffects(57)

in conduction band of
insulator, we model the effective“Bias'V'(x) as
Vi(x) = V(x) -(ne/2e)(s - x])2 i

RO W - [ t—wwo © » e oy oy ————— —
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where X; = ¢S/eV, ¢ = metal-insulator work function, and s = insulator

thickness.

The image force correction(57) on the insulator potential is
2
e

Vi) = V() - dmes[l - (Zx/s)z] (ce)

“where x is the distance from the center of the insulator to the charge.

If traps exist in the insulator the component of current due to the

traps 15(38)
ap = AEZ exp(-B/EVY/?) (c7)
where A and B are constants and U = trap potential.
In general, the tunneling current may be written as
J = AE" exp(-B/E) (c8)

where A and B are constants depending on the tunneling mode, and n lies

between 1 and 3.

3. Schottky emission and Poole-Frenkel effect.

Schottky emission. Pertinent equations:

3 = A1 - T2 exp(-0/kT) explEV/ %2/ (2kTe/?)] (c9)
where A* = 120 amps/cmz/deg = Dushman-Richarggpn constant, |
r = average reflection coefficient, and ¢ =.wdrk function of the metal.
There are many sources of error in this formulation in that:
a) the assumption that electrons do not interact is true for
Tow cUrrents anly (use of Fermi statistics with no interaction terms);
b) the effective work funﬁtion 1hcreases with space charge build-up

near emitter, and decreases with increasing field strength;

W ——— r—— § . [
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* .
c) ¢, r, and A are temperature dependent due to thermal expansion;

d) r depends on the barrier shape

)
e) absorbed gases influence ¢;
f)

the emitting area is not equal to the actual surface area.

(56)

Poole-Frenkel effect. Pertinent equations .

g = A exp(-6/2kT) exp[E1/2e3/2/(kTa1/2)] (C10)

where A = constant and ¢ = trap potential in insulator.

4. Impurity conduction. Impurity conduction is masked if many

electrons are in the conduction band, because of the Tow mobility of
electrons at impurity levels (at normal temperatures). For this reason

impurity conduction is seen in insulators rather than semiconductors

or conductors.

Low concentration (less than 6 x 1015/<:m-3 in n-type Ge and
17

2 x 10'" in n-type Si). Under this condition there is small overlap
between wave functions, i.e. localized electrons and field, and non-
degenerate states. Random “hopping“ occurs with no field, with current
flow for applied fields. Phonons are absorbed or emitted to conserve
energy in the hopping process. The mechanism for hopping or charge
transfer is 1) tunneling through a potential barrier ffom occupied
donor to an unoccupied one, and 2) electrons jumping aver potential
barrier to unoccupied state.  The typical activation energy of the

3 e

potential barrier in silicon is 5 x 1077 eV.

a) Tunneling theory(sg)

i) Probability of electron moving is a function of distance
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between sites and it needs phonon assistance.
ii) Electron circuit analogy of three dimensional parallel
chains.
jii) Resistivity given by
enp(TY = FN) + gq/kT (c11)

~where f(N) = function of majority carrier concentration and
£ = activation energy, which is e, = (ez/e)(4ﬂND/3)1/3(1 - 1.35X1/3)

.and X = NA/ND‘

(59)

b) Hopping theory
~ More useful at high end of temperature range and at Tow
applied voltages of impurity conduction. The expression for

resistivity is

an o(T) = f'(N) + e, /KT (C12)

where €y = activation energy = e_ - 3e2/ga, and £, T energy of

a
impurity centers, and a = distance between centers.

An dinteresting sidelight is that impurities form a sub-lattice

(59)

in the host Tattice. A relationship , 1/a = GN]/B, where N = impurity

concentration and G = .89 for fcc and hep lattice, .92 for bcc lattice,
1.00 for sc, and 1.15 for the diamond lattice. Thus £, is proportional

1/3

to N'/~, and the slope gives G which determines the impurity sub-lattice.

High concentration. Mott theory(ﬁo) states that the transition

from a non-metallic to metallic state must occur for any array of atoms

as the distance between them is decreased. The transition (from Tow
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to high conductance) is sharp for ordered arrays of atoms, and Tess
sharp for random arrays. At this transition, the activation energy
for hopping goes to zero, thus the high conductanée. The effective
distance between atoms is decreased by increasing impurity concentration,
and above a critical transition concentration, the material will appear
metallic and the conductivity will be essentially independent of
temperature.

v is defined as the measure of impurity concentration, and
b= (376073

/a, where a_ is the Bohr radius of the impurity. The

0
material will be metallic for ¢ less than 3, and non-metaliic for

1/3 mhos ,

Y greater than 3. In the metallic region, o = 7 X 10° An
where A is the number of interatomic distances in one mean free path,

and N is the number of carriers per cubic angstrom.

5. Ohmic conduction. This is the familiar type of conduction in

metals and semiconductors, which has a neqligible component in insulators.
Because of the large forbidden gap in an insulator, very few conduction

electrons exist at normal temperatures.

J = AE exp(-Eg/kT) (c13)

where‘Eg is the energy gap of the insulator.

6. Space charge Jimited current. Pertinent equations:

For the case of one carrier and no traps,
| J = oF - De an/sx (C14)
Now 9E/dx - p/e = nele (C15)
and ‘ D/u = kT/g (C16)

5 e e s PP N -~ —
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S0,
3 = el se/ax - KT a%E/2) (c17)
If we neglect the diffusion term,
3= ey 32/ ox° (c18)
“and by integration we get )
O T T e

"Now s = actual insulator thickness, while xg is the place where Vv

is zero. If Xg << s,
_ 2,.3
J = 9/8 euv/s (Mott and Gurney Law) (C20)

if X,2 S analytical solutions are ndt available.
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Appendix D

Network Equations for Bridge Circuit Used in Tunne] Measurements

Because of phase measurement problems, i.e. the large 90° out of
phase displacement current, we must be sure that the test apparatus
causes no additional phase effects. We can calculate the bridge
response by modeling the tunnel device as a parallel RC network (Rd

and Cd). and find the transfer function H(jw), of Figuré 16.

Hw) = Vout/Vsource

where Vout = yoltage across the device.

H(3w) = RRirllel\l/Fltl%C - RTRRR AR (02)
3l IRy lThg  Ra/ Ry PR3/ RgTRabgd
Now RV = 1 megQ and R3 = 1/33 megQ at bridge null, so
H(jw) = —g——2 (03)
10°(1/R +C (Jw)+32
and .
-C
Tan 5] =»_-_dW%9_ (D4)
34 + 10 /Rd :
Now if at worst case Cy = 10_]1 foWw=06Xx 103/sec, and R >> 106,.
then tan 8nax > -1.5 x 10_3, and since for small angles tan 6 = 8,
6 =1.5x 107 degrees | (D5)

Thus the phase shift introduced by the bridge is well below the

detectable Timits of the Tock-in amplifier (1(]—1 degrees) .
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Appendix E

Calculation of Tunnel Insulatoy Thickness
From Capacitance Measurements

The tunnel device geometry is shawn in Figure 13, and the
“total capacitance of the structure results from parallel contributions

of the thick oxide contact area and the thin oxide tunnel area.

Cotal = e(A/dy + Ay/dy) | (ET)
where A1 = cantact area = 9.59 x 1011 A2
A2 = tunnel area = 2.03 x 10]1 AZ
d; = thick oxide depth = 5 x 10° A
e = dielectric constant of Si0, = B.85 x 10_10 pf/A.
Solving for d2’ the tunnel oxide thickness, we find
0 - Age _ 6.99 x 10° (£2)
2 Ctota] - A]e/d1 C - .bb .

for C in pf and d, in A.

For C = 10 pf, d, = 75 A,
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Appendix_F

Experimental Data on Tunnel Test Devices

Data on all test devices not specifically alluded to in the

text are included here for completeness.
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Figure FI11
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Figure F16
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Figure F18
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Figure F19
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