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Abstract--The conductance and capacitance of thick-oxide MOS tunnel junctions (Si), thickness
40 ~ 65A) have been measured from 35 Hz to 210 kHz. It is demonstrated that the use of a thick-oxide
MOS tomnel junction enables one to obtain the surface-state data fhroughout the whole silicon
band-gap with better resclution and better sensitivity than the conventional MOS capacitance techni-
gues, A slipht departure from equitibriom may occur in the voltage range where large funnel corrent
flows. Corrections to the energy scale must be made in this voltage range. A method for ihe evaluation
of the junction quality is discussed. The simplified equivalent circuits necessary for the calculation of
surface-~state data are constructed nnder various bias conditions by an approach different from a
previously published work. The present work supports the model that at least some of the observed
surface states are a consequence of the diffusion of contact metals into the oxide.

1. INTRODLICEION

Electronic surface states at the silicon-silicon diox-
ide interface have long been known 1o exert a
profound influence on the properties of silicon
surface-effect devices. The surface states, which
are characterized by density of states, capture
cross sections, and time constants, have been
studied in a variety of ways. Most of the work
reported has involved admittance measurements on
relatively-thick (> 1000-A) oxide capacitors. The
technigques that have been most commonly used
are, {1} the high frequency capacitance
technigue{1-3% (2) the low temperature flat-band
techniguel4]; 3} the a.c. conductance technique[5)
and; (4) the low frequency capacitance
technigue{6]. Each of these techniques has its
special advantages, but each also has Hs special
limitations. None of them cover the whole energy
range from valence band to conductance band.
The fundamental limitations of the high fre-
guency capacitance technique were given by
Zaininger and Warfield[7), Two of the most serious
of these are that a graphical differentiation must be
made to obtein the energy distribution of the
surface states, and that the semiconductor doping
density must be determined very accurately to
avoid any significant errors in the subseguent calcu-
lation. Other disadvantages include the fact that
only “effective” surface state information can be
obtained, and that because of the shape of the
C(V}curves in the accumulation and inversion reg-

*Supported in part by NASA Goddard Space Flight
Center.

913

SSE Vol. 17, Mo, $—C

ions (the capacitance in these two regions does not
change appreciably with voliuge}, the surface states
cannot be measured accurately near either band
edge.

The low temperature flat-band technigue can
separate the surface states from the oxide charges.
It is particularly useful in the region close to the
majority band edge, hut its usefulness is unfortu-
nately Hmited to this small region. Since this
technique is a variation of the high frequency
capacitance technique, it also suffers from the same
limitations.

‘The a.c. conductance technique gives the most
accorate results and permits measurement of cap~
ture cross sections. However, this techaique also
fails to gain information nesr the minority band
edge because of the complicated inversion laver
freguency response. :

The low frequency capacitance techaigue does
not require a graphical differentiation of experi-
mental resulis and allows the silicon surface poten-
tial to be determined directly from the measure-
ments. On the other hand, it azain has the drawback
that no unambiguous information on surface states
¢an be obtained in the bias range where inversion
occurs. It also provides no information about time
constants and capiure ¢ross-sections.

In summary, most of the methods of measure-
ment involving thick oxides give reasonable results
for swiace state densiies near the majority camier
band edge, but all fail near the minerity band edge.
They fail because when the semiconducior Fermi
level intersects the surface states in this range, the
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surface is inverted, and correspondingly, there ex-
ists a high impedance depletion layer behind it. The
resulting long time constant dominates the meas-
urements.

The possibility of using an MOS tunnel junction
10 measure the surface state spectrum by direct
exchange of charge between the surface states and
the metal electrode by tunneling was first suggested
by Gray [81. Later, Dahlke and Sre[9] commented
on the influence of surface states on their experi-
mental MOS8 tunnel junction characteristics. Bat
aeither of these early experiments was sufficiently
unambiguous to yield quantitative information
about surface states. A theoretical stady of tunnei-
ing into surface states was subsequently made by
Freeman and Dahlke[10], who noted that in the
extreme cases of thin and thick oxides, the surface
states are in thermal equilibrium with the metal
electrode and the semiconductor, respectively. This
fed to an extensive experimental study by Kar and
Dahlke[11] of junctions which were said to be of an
“intermediate thickness’ {101, that is, thin ¢nough
to observe unneling directly io the surface states,
but thick enough to suggest that the surface states
were in thermal equilibrium with the semicondac-
tor. In these experiments, the d.c. tunneling con-
ductance was subtracted from the conductance
at higher frequencies to obiain the surface state
density by the conventional Nicollian and
Goetzberger techniquefs). In addition, it was de-
monstrated that oxides in this intermediate thick-
ness range developed a deep depletion laver in
reverse bias and prevented the electrode Fermi
level from dropping low enough to intersect the
valence band. The presence of the deep depletion
layer prevented the resolution of the surface state
specirum over the upper half of the band gap (for
p-type samples),

By a series of related experiments, Card and
Rhaderick[12] determined that this intermediste
oxide thickness was in the range between 15 and 25
to 36 A, and that such tunneling junctions offered
no significant advantage over the thick oxide junc-
tions in obtaining the surface state specirum. These
iatter authors point out that in this thickness range
the surface states and majority carriers are in
thermal equifibrivm with the bulk, but that the
minority carriers are not. For exides thicker than
about 35A they report that the surface states,
minority and majority carriers are all in thermal
equilibrium with the bulk semiconductor.

It is the puspose of the present paper to
demonstrate that for moderately doped semicon-
ductors, such as those discussed in the above refer-
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ences, the oxide thickness range from approxi-
mately 40-60 A defines a class of “thick oxide
tunael junctions” where the majority and minority
carriers and surface states are in approximate
equilibrium with the semiconductor, where the
direct tunneling to styface states is too small to he
observed, but where a substantial funneling current
flows between the metal and the conduction and
valence bands in forward and reverse bias, respec-
tively. In this thickness range, the voltage appear-
ing across the oxide is large enough that the
projection of the metal electrode Fermi level can be
brought below the valence band edge (for a p-type)
in reverse bias before a high impedance depletion
fayer forms. In this voltage range, electron tunnel-
ing firs! oceurs from the “inverted” conduction
hand, and then directly from the valence band into
the metal electrode. Both processes, in effect, inject
holes into the otherwise depleted valence band,
giving a high conduciance path between the surface
and the semiconductor bulk. This permits the
surface state density to be extracted by the a.c.
conductance method as the semiconductor Fermi
level is scanned over the encrgy range up io the
conduction band edge. But the wanel injection of
koles also corrgsponds 1o a nonequilibrivm process
in the semiconductor, such that a correction must
be made to the derived surface potential in order to
obtain the correct energy distribution of the surface
states.

Hunter ef al., have made a similar study on oxides
about 80A thick in which no tunneling was
observed[13], however, they used the low fre~
quency capacilance method.

2, DEVICE FABRICATION

The devices used in this study were fabricated on
commercially obtained (111) epitaxial p{}-22{}-cmn)
on p* ((-01€}-cn) silicon wafers. The final device
geometry is shown in Fig. 1. After preparing the
wafers by a standard cleaning and etching process,
a steam oxide of approximately 2580 A was grown
at 1050°C. Circular windows 25 mil dia. werg
etched in the oxide using a GAF positive photores-
ist which can be removed by acetone. After photo-
resist removal, the entire oxide surface was efched
again to clean out possible contamination, leaving a
thickness of ~2000A. A second oxide layer of
approximately 45 A was finally grown at 850°C for
9 min., in a flowing, dry, pure oxvgen environment.
‘The process is guite reproducible. The metalliza-
tion was done in 4 vacuum of better than 107 torr.
A ¢chromium-gold double layer film was evaporated
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Fip. 1. Top view and side view of device geometry.

as the top electrode. Aluminum was used as the
back contact.

A standard photolithographic mask defines the
array of 25 mil dia. windows on (-2 in. % §-i5in.
centers. One out of every four is omitted. Thus, the
wafer is subdivided into sets of four punctions.
Fight such chips typically fit into the center of a
wafer. The 0-1ip.X0-075in. metal electrodes
which cover each junction are defined by an
evaporation mask, The blank junction position pro-
vides s thick oxide (-~ 2000 A) MOS capacitor
which s used to obtain the more conventional sur-
face state measurements on the same sample, and
so that the appropriate admittance can be sub-
tracted from the measured admittance of the paral-
{el tunnel junction and thick oxide capacitor in the
other three locations. After dicing, the chips, con-
taining four junciions each, were bonded into stan-
dard “fiat packs” using Ag paint, and gold leads
were ultrasonically bonded onto the thick oxide
area adjacent 1o the tunnel junction. Soldering was
deliberatelv avoided to prevent the influence of
uncontrolled annealing.

There is some variation in the oxide thickness
and the junction quality from run-to-run. However,
in a good run, the yield from the 24 junctions on
eight chips when the chromium gold electrode sys-
tem is used is always befter than 70 per cent and
normally much higher. Ig the experiments reported
here, a set of eight devices, one from each of eight
chips from a single wafer, were selected for
detailed experimental study because of their unifor-
mity and the thickness of the tunneling oxide, ap-
proximately 45 A. The data presented in this paper,
except where noted, is from one of these devices.

3. EXPERIMENTAL RESULES
Measurements
Both differential conductance and capacitance
characteristics of the devices were measured over

the frequency range from 35 Hz to 210 kHz at room
temperature. A conventional d.c. current sweep
and a.c. voltage modulation technique was used
c¢mploying & PAR Model 126 lock-in detector to
measure the junction admittance, Instrumentation
to ensure low quadrature error over a wide range of
frequencies was of wimost importance.

The eight devices selected for detailed experi-
menial study, showed similar G-V and C-V
characteristics except for small relative shifts in the
voltage scales and oxide thickness variations on the
order of 5 per cent. The device for which data is
reported here is tvpical of the eight. The charac-
lerisites of the deviee were electrically stable over
the period of two months during which it was under
investigation.

The uncertainty in applied voltage due to hys-
teresis for this particular sample was within 0-01V
throughout the whole range. This i8 an indication
that the eflects of drifting positive fons and traps in
the oxide ditring the course of the experiment were
negligible. Furthermore, the effect of hysteresis
was minimized by always sweeping the applied vol-
tage from aegative to positive at a slow linear rate
of 10 mV/sec. The maximum field across the oxide
during the measurements was 3 x 10° Vicm, which
is about half of the dielectric breakdown voltage.

The effects of ionizing vy-ray radiation on this
device have also been investigated and will be
reported separately [14],

The conductance—voltage curves cbtained over
the frequency range from 35Hz to 30kHz are
shown in Fig. 2. It was determined in analvzing the
data that curves in the range 30-210kHz contri-
buted ro new information. The logarithm of con-
ductance is plotted as a function of the gate voliage
V and the sorface potential .. A positive surface
potential corresponds to a negative displacement of
the band edges at the surface relative 1o the
semiconductior bulk, The surface potential, shown
in Fig. 4, is obtained from the capacitance-voliage
characteristics of Fig. 3 by the method of Ber-
glund [6] with modifications noted in Appendix C.

The conductance—voltage curves in Fig. 2 and the
capacitance voltage curves in Fig. 3 have both been
corrected for the thick oxide pad surrounding the
thin junction using the thick-oxide reference MCGS
capacitor next to the tonnel junction. The correc-
tion is non-controversial because both the
capacitance-voltage and the conductance-voltage
curves for the thick oxide MOS capacitor were
essentially flat over the wvoltage range of the
experiment with magnitudes on the order of 250 pF
and 1077V, respectively.
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Fig. 2. Experimental conductance—voltage curves at sev-

eral frequencies showing frequency dispersion. The high

rising tunnel conductance portions beyond ~ 2V and +

13V are not shown, The silicon surface potential, P, is
marked on the abscissa.

The freguency dispersion of the conductance
peaks in the negative voltage range in Fig. 2 and the
negative shift of the capacitance curves in Fig. 3
correspond to the frequency dependent charging of
surface states as discussed at Jength in the previous
literature [5,8-12]. However, there are special fea-
tores that characterize this data. First, there is a
strong upturn of the conductance at large negative
and positive voltages corresponding to tunneling
currenty when the metal electrode Fermi level in-
tersects the conduction and valence band edges,
respectively. Secondly, the frequency dispersive
structure in the conductance and capagitance in the
positive gate vollage range corresponds fo surface
state structure located near the conduction band
edge. It is the ability of these thick oxide tunnel
jusctions to give surface state data over the entire
energy range on the same deyice and with the same
experimental techrique that is of special interest in
these experiments.

I Fig. 3, the capacitance data, although of less
sensitivity than the conductance data of Fig, 2, can
be used to confirm the surface state spectrum. The
capacitance in the accumalation region (large nega-
tive voltages} at 210 kHz, after correction for the
surrounding thick oxide capacitance, measures the
gate oxide capacitance, From this valne, the area,
and the dielectric constant for silicon diexide, the
oxide thickness can be calculated.
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Fig. 3. Experimental capacitance-voltage curves at sev-
eral frequencies. The theoretical curve (dotted line) is
calcutated by assaming there are no surface siates and no
metal-semiconductor work function difference. Impor-
tant parameiers for this theoretical curve are oxide
thickness = 47 A, Si doping concentration = [ X #™%cm’,
junction amrea=3-16 X 0 *cm®, band gap = 1-125eV,
Ea—-Ey=0045¢V, and Er—Ev =0175eV {galeu-
lated).

It should also be noted that above about 3kHz
the capacitance for positive voltages continues to
decrease slightly, indicating a widening of the
depletion layerf135, 16] arnd the possible failure of
the equilibrium (constant Fermi lfevel) approxima-
tion in the semiconductor; in this range the condue-
tance is-increasing rapidly while the depletion layer
is becoming thicker. :

Processing the data : :
The component of the a.c. conductance due to
surface states G (V) plotted in Fig. 5, was
obtained by sabstracting a smooth, frequency inde-
pendent background tisnneling conductance Gr(V)
from the data in Fig. 2. The components of the
appropriate equivaleat circuit are shown in Fig.
6(b}[10]. The parallel combination of C, and G,
are converted by means of the commondy accepted
thick-oxide equivalent circuit of Nicollian and
Goetzrberger[5] (Fig. 6(a) with Gr removed) to the
conductance G.(V, ) and capacitances C,(V, w},
knowing C.{V.w) and C,. .. represenis the
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oxide capacitance and €. the semiconductor space
charge capacitance, determined from the capaci-
tance in accumulation and the surface potential, re-
spectively, C.{V,w) and G, {V,w} are the equivalent
circut components associated with the density and
time constant of the surface states intersected by the
semiconductor Fermi level at the voltage V at the
frequency « {5} Rs is the bulk silicon device
resistance, made negligible by using an epitaxial p
on p'-8i substrate. A more detailed instification of
the use of this equivalent circuit is given in Appendix
A, and the entire procedure for extracting the
desired surface state parameters is outlined in
Appendices B and C.

From the derived (. (V) with @ as a parameter,
we construct the curves Gr(wliw with V as the
parameter. The shape of the curve is determined if
the surface states corresponding to V are charac-
terized by a single time donstant. The curve itself is
then characterized by its peak value, which yields
N.., the @ at which the peak occurs, which yields
T and a width, which yields the standard deviation
associaied with an assumed Guaussian distribution
of the surface potentialf5, 17}. The shape of the
curves should also indicate the presence of groups
of states having different time constants, and the
deviation of the surface potential distribation from
the Gaussian, although their contributions o G, /w
may be indistinguishable.
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Fig. 6. {a) Simplified equivalent circuit for an MOS tannel

junciion. G, is the oxide capacitance, . the space

charge capacitance, C, and &, the paralle! equivalent sur-

face state capacitance and conductance, Gy the funneling

conductance and, Rs the semiconductor bulk resistance.
{b) Meastred junction admittance,
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In the voltage range corresponding to surface in-
version, however, N, varies rapidly with cacrgy,
which violates an assumption of the above method.
Plots of G, /e in this range are narrow and indicate
& marrow distribution of time constants, and corres-
pondingly, a nearly uniform surface potential over
the iunction area. This is 1o be expected from the
relatively high lateral conductivity of the inverted
surface]5]. Int this range, therefore, N, and 1., can
be obtained directly from the equivalent circuit,
Fig. 6, without resorting 1o the statistical model, as
outlined in Appendix B. Although the densities ob-
tained in this way are not exact, they give the
correct order of magnitude of N,,. In principle, the
exac! values of N, in this energy range could be
obtained by numerically fitting the calenlations to
the measarements as stated m ref[5], but such an
elaborate analysis of the data presented here has
not been carried out,

To be sure that the results obtained by the
modified a.c. conductance technigue are compati-
Ble with results from other techniques, we have
made the following additional datz analysis, The
density near the majority hand edge was checked
by the high frequency QHWEHzZ) -V
technique[1-3]. Although the detailed structure
{Fig. 7y could not be exactly matched by the high
frequency technique owing to the introduction of a
graphical differentiation, the magnitude is in ap-
proximate agreement. The density near the minor-
ity band edge was checked by the low frequency
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Fig. 7. Surface-state density as a function of energy in the
silicon band gap. The corrected energy scale is shown on
the top.
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(35Hz) C-V technitme!6). The agreement is good
uatil the energy reaches 1-10 V {Fig. 7). The appar-
ent density, instead of increasing, decreases in the
case of the low-frequency C-V measurement. This
is probably because the 35 Hz measuring frequency
is still too high for the surface states in this region
to reach equilibrivm with the silicon electrode, Un-
fortunately, the £~V measurement was too noisy
at Trequencies lower than 35 Hz, so that the data
necessary to make a proper comparison was not
available.

In order to plot the density of surface states as a
function of the energy relative to the band edges,
Fig. 7, it 15 necessary 1o transform the applied gats
voltage to the surface potential. This is done by
integrating the normalized low frequency C(V) in
Fig.  to obtain the surface potential, and altimately
the energy at which the Fermi level intersects the
oxide—semiconductor surface, as a function of gate
voltage, Fig. 4.

For positive gate voltages, capacitance curves in-
dicate that the semi conductor is not in equilibrinm.
The theoretical surface potential for the junction
with no surface siates is used to exirapolate the
curve obtained by the asbove integral into the
positive voltage range. A further correction to the
4. (V) curve of Fig. 4 is required in order to take
into account the departure of the system from
equilibrium in the positive voltage range. As will be
noted from the C(V} and G(V} curves, the
depletion layer becomes thicker while the junction
conductance remains constant or increases with V.
In this nonequilibriem range, it is therefore neces-
sary to estimate the resistive voltage drop in the
depletion layer, and add it to the V required to
produce a given ¢.. An additional voltage drop can
be estimated for the metal electrode. The details of
the corrections made are summarized in Appendix
C.

The accuracy of the cosrections affects the
energy distribution of two surface state density
peaks near the conduction band edge. At the
present time, no theory is available which predicts
the energy location of these states. Nevertheless, if
is reasonable io expect all the surface states ap-
pearing in this experiment to lie below the conduc-
tion band edge. Figure 7, therefore, was prepared
by first plotting the surface state density against the
energy using the equilibrium o,(V) from Fig. 4.
Corrections to Fig. 4 were then made for the
estimated resistive voltage drops, and the energy
scale of Fig. 7 was correspondingly corrected.
Since all of the surface states lie below the
conduction band edge on this scale, the correction
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procedure is deemed to be satisfactory to first
order. This corrected scale is also used in Figs. 2,3
and 5.

The energy hand diagrams which relate the
surface potential tu the two Fermi levels at gate
voltages corresponding 1o major features in N,
Fig. 7, are shown in Fig. 2.

3, INTERPRETATION

A mumber of hypotheses, not necessarily rmuta-
ally exclusive, have been proposed concerning the
physical origin of interface states. Broken silicon
covalent bonds at the 8i-Si0; interface have been
proposed as both donors and acceptors in the lower
znd upper halves of the band gap, respectively [18].
Positive ions in the oxide have been proposed as
coulamb attraction cenfers for electrons in the
silicon, which together a¢t like hemispherical,
hydrogen-like atoms{19]. Electrons or holes can be
transported a short distance into the oxide to be
trapped by either fons or complexes.

Whatever their origin, the staies are character-
ized by their energies in the gap. their refaxation
times, and the sign of their charge. The sign of the
charge is difficult to oblain with aseful accuracy,
especially in thin exide junctions. At present no
theory exists which predicts the surface state
spectra. Therefore, our very limited ability to
distinguish one type of surface state from another
depends upon analyzing the spectra of the density
of states and the time constant, .. Figs. 7 and 8,
and comelating features with the presence of
known constituents in the oxides.

In the spectrum of Fig. 7, we note six distinctive
features;

(1) A sharp rise in N, just above the valence band.
There is no evidence of N.. going to zero within
2kT of the band edge.

(2) A broad pezk in N, just above the p-type
Fermi level.

{3) A broad range of energy near midgap i which
N,, is too low to be measured.

{4 A peak in N, showing as a “shoulder” on the
curve at about 1-02V.

{5) A sharp peak in N,, at 1-07V,

{6} A sharp pesak in Niat 1-11'V, or about D{}ZV
below the valepce baad.

These last iwo sharp peaks could be alternatively
interpreted as o broad peak, the center of which is
neutralized by the presence of a special ion or
complex.

Some of these density peaks may be associated
with different physical processes. But they may
also be associated with the same process in
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Fig. 8. Measured surface-state time constant as a func-
tion of energy in the silicon band gap.

different local environments[18, 191. For example,
the unfilied silicon bond is surrounded by a network
of silicon and oxygen atoms, in which one can
expect vacancies, and different jonization levels in
various combinations and arrangements. One
would expect, therefore, that corresponding 1o the
few most likely configurations, there would be
potential wells of differing depths for electrons or
holes in these bonds, and several characteristic
peaks in the resulting surface state spectrum re-
flecting the relative frequencies with which these
configurations occur. One might also reasonably
expect thern 10 be spread into bands by coulomb
interaction with charge in the adjacent oxide layers
and in nearby occupied states. Certain of these
environmenis may also act as favored sites for
metal or other ions near the interface with a
resulting shift enhancement, or diminution of the
corresponding part of the surface state spectrum.
Several previously reported studies show a
depeadence of the surface state spectrum on the
presence of ions from the metal electrode[11,20] or
the presence of hydrogen or chlorine near the
surface21,22]. In our own experiments, we have
noted that diffusion of aluminum through the oxide
has a strong influence on the observed surface state
spectrum, which led us to expect the diffnsion of
gold fram our Cr-Au electrodes as the origin of
some of the structure in Fig, 7, especially near E..
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We therefore repeated the experiment by using Cr
alene, with the resolts shown in Figs. 10 and 11, On
the strength of this result, we would associate the
sharp structure in N, near the conduction band
edge with the presence of Au near the interface.
One might question whether one or both of the
conductance peaks in the positive voltage range in
Fig. 2 could be atiributed to lateral a.c. current flow
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distribution in the lower-half of the band gap. (b) Sweeping
of Ex across a surface-state distribution in the upper-half of
the band gap. (¢) Sweeping of Er across the ppper-most
portion of the surface-state distribution.

into the inveried layer beyond the junction
area[23]. However, it has been shown[24] both
theoretically and experimentally fhat the conduc-
tance due to inversion layer coupling must exhibit
the following features. First, the bias at which the
conductance peak occurs should increase with in-
creasing frequency. Second, the conductance peak
should disappear for frequencies above some
mazimum frequency .. Third, the magnitude of the
conductance peak is a linear function of frequency.
The conductance peaks exhibit none of these prop-
erties in the frequency range from 35 Hz to 30 kHz.
Further, we have examined the C€V) characteristic
on the adjaceat thick oxide MOS capacitor, and
found that over the range of applied voliage, the
silicon under the thick oxide does not reach inver-
sion. For juactions with aluminum electrodes, how-
ever, we find a larger initial band bending. In these
junctions the silicon adjacent to the tunnel junction
does become inverted in the voltage range of the
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Fig. 10. Experimenial conductance—voltage curves for a
Cr-3i0-5i {p/p~) tunne] junction. No surface-state con-
duciance siructure is observed in the bias range above
12V,
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Fig. 11. Surface-state density as 2 function of energy in 5i
band gap for a Cr-8i0-8i (p/p*) tunnel junction.

experiment, and the latera]l conductance peak is
observed.

If one wers to attribute the various main features
in Fig. 7 with sorface states arising from different
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physical processes, one might also expect corres-
ponding structore in the spectrum of time con-
stants, reflecting different capture probabilitics for
different processes. The time constani plotied in
Fig. &, however, increases linearly on the semilog
scale, which would be predicted if all surface states
had the same capture probgbility and were ex-
changing charge with the valence band. However,
when E; is near the valence band, eleciron tunnel-
ing into the conduction band depletes the hole
population below equilibrium by excess recombina-
tion. When E; is near the conduction band, hole
injection retards depletion, The result is an increase
and decrease of the time constant, respectively, as
observed qualitatively in Fig. 8. The center of the
Iinear range in Fig. 8 gives rise to & capiure cross-
section of 1-6% 107" em’. In the absence of a much
more extensive analysis, this is probably the best
estimate fro the surface states over the whole
range.

A more detailed experimental study would in-
¢lude, among other things, plots of G(V) at many
more frequencies 30 that many more G,{w)fw-
curves ¢can be constructed, with much higher fre-
quency resolstion. Some of the curves plotted in
Appendix B suggest that in addition to a distribu-
tion of surface potentials, there may be more than
one time constant characterizing the surface states
in part of the energy range.

Junction quality

The primary mechanism yielding surface siate
information in these experiments is the sweeping of
the semiconductor Fermi level over the interface
states causing thermal population and depopulation
of the states by transport of charge from and to the
vatence band. The existence of tunneling through
the oxide provides the needed majority carrier in-
jection in the inversion range, and also gives an
independent check of the postulated interface
encrgy diagram at certain critical points.

A tunnreling current background conductance
coitid in principle be calculated by a verv compli-
cated, tedious, and rarely successfol procedure 251,
Fortunately, however in dealing with present
MOS structure, the details of the tunneling condug-
tance are not important. There are ranges of the
surface potential in which the tunneling conduc-
tance should be very small, and ranges in which the
conductance should increase rapidly[24]. H the
experimentally observed conductance behaves ac-
cordingly, this is at least gualitative confirmation
that the junction does not contain short circuits or
areas behaving like Schottky barrviers.
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To illustrate the guality of the junctions used in
the present experiments, the conductance curve
measured at 35 Hz is shown in Fig. 12, This curve
corresponds to the 35 Hz curve in Fig. 2, except
that it is traced directly from the experimental
graph which was recorded on a linear and high-gain
scale to show as clearly as possible the onset of the
tunneling conductance. From the surface potential
of Fig. 4 we find the applied voltages which corres-
pond to the intersection of the metal Fermn level
with the valence and conduction band edges in the
semiconductor, and the intersection of the
semiconductor Fermi level with the conduction
band edge. These three calculated applied voltages
are marked with the labels L, M, and N in Fig. 12
and correspond to the interface energy diagrams in
the insets,

At point L, where the applied voltageis —0-46 V,
the metal Fermi Jevel (Ep¢) intersects the Si
conduaction band edge at the interface. Electrons in
the metal tunnel inte the Si conduction band and
give rise to an increasing conductance with increas-
ing negative voltage. At point M, where the applied
voltage is 0-3 V, the Si conduction band edge at the
interface coincides with the Si Fermi level (Er). At
this point, the electron concentration at the inter-
face increases rapidly with applied voltage with a
corresponding rise in electron tumneling inio the
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Fig. 12. Conductance as & function of voliage at 35 Hz,

Insets show the energy band diagrams of the system at

voltages corresponding to the points I, M and N as indi-
cated in the figure.,
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metal. Point N corresponds to an applied voltage of
1-2 ¥V, at which the metal Fermi level Fey intersects
the valence band edge at the interface. Above this
point electrons in the valence band funne! info the
metal (holes are injected into the Si valence band),
contributing an additional tunnel conductance
channel.

The thresholds of tunneling conductance pre-
dicted by the surface potential calculations, points
L and M, agree qualitatively with the experiment,
as shown in Fig. 12. The point N, however, is not
clear, either theoretically or experimentally. The
35 Hz curve, and a similar one at 7-5 Hz, still show
a freguency dependent strucinre due to long-time-
constant surface states in the neighbourhood of N,
Also, there is oo much curvatare in G{V} on either
side of N to extrapolate to a clear break point in the
carvature. NWevertheless, the agreement at the
points I and M, which experience shows to be
strongly dependent upon stability and reproducibil-
ity of the junctions, appears to be a reliable indi-
cator of junction guality,

Comparizons with other experiments

The results given in Figs. 7 and § show some
interesting similarities and differences with respect
to those made on thick oxide capacitors[1-6], and
on the more recent thin-oxide capacitors of
Hunter~Eaton-Sah (HES){13], and the Schottky-
barrier-tike junctions of Kar and Dahlke, (KD)[11]
In general, the convenfional methods involving
thick oxide MOS8 capacitors have msufficient resol-
ution to show much structure in the spectrum espe-
cially near the band edges. In addition, it has been
almost a common practice to represent the surface
state and time constant spectra across most the
band gap by connecting the data from a p-type
sample to those from a n-type sample, assuming
that the surface-state distribution is independent of
the type of doping impurity. Therefore, it is
meaningful to compare only the general properties
of the surface-state spectra. In alf cases, like the
thick oxide tunne! junctions, the density is low near
midgap, amd rises toward the band edges.

The structure in the spectrum of Fig. 7 can also
be compared with some of the higher resolution
data that has been reported. The device made by
HES is similar to the ones used in our work,
namely, the thin junction is surrounded by a thick
oxide pad, and a chromium—gold double layer is
used as the top electrode. However, their oxide is
thick enough that no tunneling phenomena are
reported.



