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Figure 56. Equivalent circuit of n-substrate MOS capacitor with single-energy interface
levels. C,,, Cp, Cr and C; represent the capacitances associated with the oxide, the
depletion region, the traps and the inversion layer respectively. G, and G, represent the
loss associated with the trapping of carriers from the bands into the interface states. In
depletion G, and C; are small and can be ignored. Open circles denote external terminals.
After Nicollian and Brews (1982).

To aid insight into the main concepts involved, we shall initially assume that all
interface traps have the same energy level. The equivalent circuit for a device with an
n-type substrate is shown in figure 56. In depletion, G, and C, are very small and can
be ignored. For a single-level interface trap in depletion, the equivalent parallel
conductance G, and capacitance C, (figure 58 (b)) are given by

Gplw = Crot[l + (w1)*]7', (7.12a)
G = Gl + (@)™ + Gy, (7.12b)

where 1 = C;/G, = flovn. In figure 57 we show the behaviour of Gy/w for a
single-level interface trap.

Single-energy-level interface traps are not observed in device-grade interfaces.
What is observed are many interface trap levels so closely spaced in energy within the
silicon band gap that they cannot be distinguished in the measurement as separate
levels. For a distribution of interface trap levels in depletion, the equivalent circuit of
figure 56 becomes the equivalent circuit of figure 58(a). The equivalent parallel
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Figure 57. [Equivalent parallel conductance Gp/w against frequency for n-substrate MOS
capacitor in depletion. (+) Single-level interface traps based on equation (7.124). The
values of t and C; have been adjusted such that the theoretical peak fits the observed
peak. The dot-dashed line shows Gp/w resulting from a distribution of interface trap
levels based on equation (7.13 b). The values of t, and C, have been adjusted to fit the
observed peak. The measured values are represented by stars and the continuous line
is the fit based on equation (7.14). The capture cross-section is 526 x 10~ "cm?,
D, = 10°cm?eV ! and potential fluctuations o, = 1-69kT. Figure courtesy of S.
Collins.

capacitance and conductance are now given by
G = Gy + Cowr,) ' tan'wr,, (7.13a)
Gelw = CQwt,)™"' In[1 + (01,)), (7.136)

where 1, = (ovn)~'. The behaviour of Gp/w as a function of w is also shown in
figure 57.

Figure 57 shows that, although an experimental G-w curve follows the trends
predicted by equations (7.12a) and (7.13 b), it is much broader than expected. Two
models have been proposed to explain the observed time-constant dispersion. The first
model invokes a distribution of band bending over the interfacial plane caused by a
random distribution of discrete charges in the oxide: small variations in potential will
produce large variations in 1, since the latter is exponentially dependent on the band
bending ¢,. The second model assumes a spread of capture probabilities related to the
defects being distributed into the oxide. Model 1 was proposed by Nicollian and
Goetzberger (1967) and has been widely used to interpret G-w data. Model 2 was
proposed by Prier (1967) on the basis of the model of Heiman and Warfield (1965).
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Figure 58. (a) Equivalent circuit for a distribution of interface levels across the silicon band

gap in n-substrate MOS capacitor. (b) Lumped parallel equivalent of circuit in (a). After
Nicollian and Brews (1982).

The main argument against model 2 is the experimental observation of a symmetric
peak in the measured loss, whereas model 2 predicts a frequency-independent loss for
a uniform distribution of trapping centres in the oxide. We shall consider this point
further in section 7.3. Assuming a Gaussian distribution of potential fluctuations, we
find that equation (7.13 b) becomes

72 .. 2
% - 4D0m) .[_w exp (_ n_)exp(—n) In[l + (w7,)’ exp (29)] dn,

207
(1.14)

wheren = ¢; — {¢,) represents the band bending and o, is a parameter that describes
the width of the measured curve. Through the fitting of expression (7.14) to the experi-
mental data (see figure 57) one can determine the cross-section, interface-state density
and band-bending fluctuations.

The conventional view of interface states is that at a given position in the band gap
they have a single well defined cross-section. The width of the measured Gp/w curve
arises from surface-potential fluctuations. This is at variance with the results of noise
measurements, which indicate the presence of defect states with cross-sections and
trapping time constants spanning many decades. This apparent paradox is discussed
in the next section.

w 2wrt,

7.3. Observation of ‘1/f-noise’ states in conductance measurements on MOS
Structures
As we have seen, carrier trapping into localized defects in the oxide close
to the Si/SiO, interface generates RTSs in the drain current and hence 1/f noise.
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Figure 59. The measured time constant against surface Fermi level in the upper half of the
band gap. The cross-hatched area shows the region to which noise measurements
typically have access. O shows the interface-state loss peak from G, /w measurements; the
data correspond to the capacitor shown in figure 61 (a). After Uren er al. (1989a).

The cross-hatched area on figure 59 depicts the time and energy windows in which
the RTSs are measured in our n-channel (p-substrate) devices in both weak and strong
inversion; the straight line depicts the peak time constant of interface states measured
with the conductance technique on n-substrate capacitors in depletion. Thus the
techniques look in different time windows. To get a 1/f spectrum requires a uniform
distribution of trap time constants on a log time scale. In figure 59 this corresponds
to a uniform distribution along any vertical line within the cross-hatched area.

The question that now needs to be addressed is the following: Are the defect states
responsible for 1/f noise observable in the conductance technique? Eaton and Sah
(1972) found a marked asymmetry in their measured conductance spectrum, which
they ascribed to the long time constants arising from carrier tunnelling from interface
states into defect states in the oxide. They noted that this mechanism would also cause
1/f noise. Unfortunately, their samples were sufficiently non-standard that their work
has been totally overlooked. They used oxides 8nm thick, with interface-state
densities of about 10”cm ?eV™', and the experiments were carried out at low
temperatures. Since in the early 1980s the accepted experimental evidence pointed to
only a single, symmetrical broad peak in G-w data and the origins of 1/f noise in
MOSFETs were still uncertain, Ngai and Liu (1982) concluded that 1/ noise could not
be caused by carrier trapping and must therefore be due to some form of dielectric-
loss mechanism.

An alternative way of formulating the problem is to ask whether the time constants
(cross-sections) of the 1/f states shown in figure 59 extend to shorter times to meet the



Noise in solid-state microstructures 461

single time constant measured for interface states in G- measurements. If there were
no states in the gap between the cross-hatched area and the straight line shown in
figure 59 then there would be an easily measurable upper limit to the frequency at
which a 1/f spectrum could be observed; such a limit has never been recorded. On the
other hand, conventional understanding of G-w measurements suggests that there is
only a single well defined peak corresponding to a single well defined time constant
(cross-section). To resolve this apparent paradox, we carried out G-w measurements
down to 0-25 Hz such that this time-window gap was investigated for standard MOS
structures (Uren er al. 1989a, b).

Measurements were carried out on conventional aluminium-gate MOS capacitors,
of area 6:97 x 107" cm’, fabricated on 0-3Qcm n-type and 2-8Qcm p-type [100]
substrates. The dry gate oxides were grown for 3h at 900°C to a thickness of 35 nm,
followed by a 30min post-oxidation anneal in nitrogen. Some wafers received a
post-metallization anneal (PMA) in forming gas for 30 min at 425°C.

Above 50 kHz, the measurement of conductance was entirely conventional and
employed an HP4192A impedance analyser. Below 50 kHz, an electrometer op-amp
(Analog Devices AD515) was used as a charge-sensitive pre-amplifier with an air-gap
capacitor as the feedback capacitor. A block diagram of the experimental set-up is
shown in figure 60. A dual-channel spectrum analyser system (HP3565S) provided the
bias voltage with a 10mV excitation superimposed, and measured the phase and
amplitude difference between two such pre-amp circuits: a reference circuit employing
an air-gap capacitor in place of the sample, and the other circuit containing the MOS
capacitor. With careful calibration and compensation for frequency-dependent and
sample-capacitance-dependent gain, the system gave a phase resolution of 1 mdegree
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Figure 60. Block diagram of experimental set-up to measure Gp/w from 0-25 Hz to 50 kHz.
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at 1 Hz increasing to about 10 mdegrees at 50 kHz. This phase accuracy was essential
to see the effects observed. To compensate for any residual inductances and the
substrate series resistance, the measured conductance G, and capacitance C,, were
recorded at all measurement frequencies in strong accumulation and then subtracted
from the values found in depletion to give the equivalent parallel conductance Gp of
the trap. A guard ring and a nitrogen ambient atmosphere ensured that there was no
surface leakage; no low-frequency loss was seen in accumulation and the oxide
leakage current was < SfA. The surface potential was measured using a quasi-static
sweep (Nicollian and Brews 1982).

Figures 61 (a)-(c) show results for G /w measured against frequency for p- and
n-substrate samples without PMA and a p-substrate sample with PMA. The new,
striking feature present in all three figures is the presence of the distinct plateau region
at low frequencies. Any plateau for the n-substrate annealed samples is around or
below the measurement sensitivity (about 10~ SHz'cm™?).

The peak in the three traces can be fitted to the standard Gp/w formula as shown.
Interface-state densities D, for the un-annealed samples were typically about
10" cm~?eV ' and for the annealed samples about 2 x 10"cm~?eV~'. The variance
of the surface potential fluctuations was between 1-5 and 34T.

The Gy /w spectrum arising out of a uniform distribution of time constants can be
conveniently derived using the formalism in the appendix to Nicollian and Goetzberger
(1967). A tunnelling model consistent with the 1/f results in which the defects are
uniformly distributed in energy and distance into the oxide gives the appropriate
distribution. We write 1, = 1, exp (2x¢£), where £ is the distance of the trap from the
interface and « is the decay constant:

(8m*¢)lf2

— —h;_j?_ . (?. l 5)
The barrier energy ¢ was taken to be 3-5eV and m* was set equal to the free-electron
mass. This model ignores the capture activation energy; but to first order it is a useful
approximation. (The effects of the convolution of the cross-section pre-factor and
activation energy may be visible in the low-frequency conductance; we comment on
this at the end of this section.) Using equation (7.13 b) with C, replaced by ¢N, d¢,
where N, is the number of traps per unit volume per electron-volt in the oxide, we find

S o N Qo) [ exp (<268 In (1 + o' exp UkD]dE, (1.16)

where the upper limit on the integral has been set equal to the oxide thickness for
convenience. In the limit in which 1,, — 0, equation (7.16) can be simplified to

Ge _ q_g[m(l + w't},)

WTy,

= i + ™ — 2 tan 'uno,,].

In the limit in which @ < 1/7,,, the model predicts a flat spectrum—as observed

—and the measured value of Gy /w is related to the trap density per unit volume via

the relation

4kGyp [
=

Using equations (7.15) and (7.17) and the measured value of Gp/w in the plateau
region at low frequencies, we find N, ~ 2 x 10'*cm>eV ™' for the annealed sample
and 2 x 10"-5 x 10”7 cm™* eV~ for the un-annealed samples.

N, = (7.17)
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Figure 61. Equivalent parallel conductance G,/w against frequency for three gate biases
in depletion at room temperature. (@) No forming gas PMA, n-substrate. For the
fitted curve, interface-state density D, = 1-6 x 10" cm™eV~', potential fluctuations
o, = 1'5kT, cross-section 0 = 5 x 10~"" cm?. For the low-frequency plateau at 1Hz,
N, = 56 x 10"ecmeV~'. (b) p-Substrate, no PMA. D, = 13 x 10" em 2eV~',
o, = 16kT, ¢ = 18 x 107" cm’ and N, = 24 x 10"cm *eV~'. (¢) p-Substrate,
425°C PMA. D, = 21 x 10%em 2eV™', g, = 2.8kT, ¢ =6 x 10 %cm® and
N, =22 x 10%cm™*eV~'. From Uren et al. (1989a).
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Our working hypothesis at this point is that the defect states responsible for the
plateaux in Gp /o shown in figures 61 (a)-(c) are also responsible for the measured 1/f
spectrum in MOSFETs. To complete the argument, ideally one requires MOSFETs
and MOS capacitors fabricated at the same time in the same process in order that the
magnitude of the noise can be correlated with the magnitude of the plateau in Gp/w.
It must be borne in mind that in order to access the upper half of the silicon band-
gap n-channel (p-substrate) MOSFETs are required to compare with n-substrate
capacitors. Unfortunately, we do not have such a set of samples. We must there-
fore compare our values of N, from Gp/w with those that are measured from the
noise in typical modern devices. Reimbold (1984) produced a simple trapping model
of 1/f noise that allows N, to be estimated from the magnitude of the power spectrum
in both strong and weak inversion (which would correspond to accumulation and
depletion for the capacitors). For the n-channel devices used in his study, he found
values for N, from 2 x 10" to 2 x 10 cm~>eV'. Similarly, our noise measure-
ments shown in figure 53 gave N, &~ 10'*cm eV ' in weak inversion. Our Gp/w
measurements have a resolution that corresponds at best to about 5 x 10" cm™eV™";
so it is not surprising that we have not been able to see conclusively such a plateau
for the n-substrate samples with PMA, although the plateau is quite clear when
there is no anneal. For the valence-band-edge case we have no comparative MOS
noise figures, since most PMOS devices are partly buried-channel owing to the
threshold implant. But it is significant that the p-substrate capacitors with PMA
have values of N, comparable to those seen in n-channel MOSFETs. Such com-
parisons are of limited value because of the different gate material (aluminium
versus polysilicon) and oxide growth conditions, but do serve to show that the
values of N, measured from Gp/w are quite consistent with those derived from
noise.

We therefore conclude that defects associated with the oxide/silicon interface
can be divided into two distinct sets. The first incorporates the so-called inter-
face states D,, with cross-sections of about 10~'®cm® (Deal 1980). These states
are in electrical communication with the inversion layer and are responsible for
most of the stretch-out in C-¥ measurements and the loss peak in conductance
data. The second set is characterized by cross-sections less than about 10 ' cm?
with no measured lower bound. These defects are responsible for 1/f noise and
random telegraph signals and are due to defect states in the oxide. Their density
is typically an order of magnitude lower than the D, states. In figure 62 we show a
five-parameter fit to the measured Gy /@ loss over seven decades in frequency. The
experimental data have been fitted with a D, term and a background term correspond-
ing to the states distributed into the oxide. A very satisfactory fit to the model of two
sets of defects is obtained.

Referring back to figure 54 (d), we see that the multiphonon model of capture into
oxide states predicts a rising edge to the distribution of time constants. Some evidence
for this effect can be seen at low frequencies in figures 61 (a) and (b), where the
measured loss starts to rise rather than just levelling off.

The origin of the D, and oxide states remains an open question. The physics and
chemistry of the Si/SiO, interface have received a great deal of attention over the
years. The interested reader is referred to the conference proceedings edited by Devine
(1988), Helms and Deal (1989), the review by Grunthaner and Grunthaner (1986) and
the series of reviews by Poindexter (1989). There is strong evidence from electron
paramagnetic resonance measurements on (111) interfaces that one type of interface
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Figure 62. Equivalent parallel conductance Gy /e against frequency for n-substrate capacitor
in depletion. The stars depict the experimental data. The theoretical behaviour of G, /w
for the oxide traps alone is shown as the broken line. The fit of equation (7.14) to the peak
is the continuous line. The symbols show the behaviour of the experimental data minus
the theoretical background. The figure therefore provides strong evidence that the
conductance can be modelled by a set of interface traps and a different set of traps
distributed into the oxide. Figure courtesy of S. Collins.

state corresponds to an unsaturated silicon dangling bond (Poindexter and Caplan
1983, Poindexter et al. 1984, Brower 1983, Johnson er al. 1983). As yet, there is no
model for the physical and chemical origin of the oxide states. By extending the
dynamic frequency range of G-w measurements down to frequencies of about
0-25 Hz, we have opened up the exciting possibility of being able to monitor the effects
of different oxide treatments, hot-electron injection, and so on, on the oxide states and
the interface states at the same time.

8. Concluding remarks

Here we wish to tie together the major themes running through this work. There
can now be no doubt that measurements of noise and RTSs in microstructures have
shown definitively that 1/f noise in MOSFETs and MIM tunnel diodes is generated
through carrier trapping. Investigations of RTS behaviour in MOSFETs as a function
of gate voltage and temperature have shown that carrier capture into individual
defects in the oxide, which reside close to the Si/SiO, interface, is thermally activated,
demonstrating the presence of strong electron-lattice coupling. Cross-sections,
activation energies and entropies of ionization have been measured for a number of
individual defects. The multiphonon capture model gives a consistent picture of the
magnitude of the low-frequency noise and the wide distribution of time constants
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implicated in its production. Furthermore, the insights provided by the study of small
MOSFETs has lead to a realization that there must be two classes of Si/SiO, interface
state. The first includes the D, states responsible for the usual loss peak in con-
ductance measurements. These states reside at the interface and are probably due to
some form of unsaturated dangling bond. The second class incorporates defect states
residing in the oxide, which are nevertheless still in electrical communication with the
inversion layer. These oxide states are responsible for 1/f noise and RTSs. This
classification was confirmed in enhanced conductance measurements on MOS
capacitors, which showed a loss peak due to the D, states and a low-frequency loss
plateau due to the trapping centres in the oxide.

The two outstanding problems in the switching observed in microstructures are
the complexity of the signals sometimes observed and the magnitude of the RTS step
height. Complex switching has been observed in many systems including MOSFETs,
MOS tunnel diodes and metal nanobridges. It is difficult to provide clear proof of the
underlying mechanism, but individual metastable defects provide a plausible expla-
nation for some of the anomalous RTSs observed in MOSFETs and MIM diodes.
Single-electron trapping is able to account for the average RTS amplitude observed
in MOSFETs. However, a very wide range of RTS step heights is observed, and
the details of the mechanisms whereby a trapped charge carrier modulates the
channel conductivity still remain unclear. Multi-electron trapping would seem to be
inappropriate to the silicon MOSFET, but this model requires much more thorough
study for other microstructures.
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