
PHYSICAL REVIE% B VOLUME 52, NUMBER 11 15 SEPTEMBER 1995-I

Determining activation energies and relaxation times of individual electron traps
by scanning tunneling microscopy
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A method of determining the activation energies and relaxation times of electron traps is presented.
The technique is applicable to traps across a broad bandwidth of switching frequencies, and can be easily
automated. Examples are given, demonstrating precise determination of activation energy by scanning
tunneling microscopy.

Electron traps play an important role in determining
electrical properties, by introducing fluctuations in the
number of carriers or modifying the local potential.
Their effect is greatly enhanced for smaller systems,
where microscopic features can dominate charge trans-
port. The scanning tunneling microscope (STM) should
be an extremely valuable tool for studying these effects, '

due to the nanometer-scale resolution of the STM on
many surfaces; such a small path for current Row renders
the conductance extremely responsive to electron trap-
ping and generation-recombination noise. Despite its
sensitivity, however, the STM has been used to explore
electron trapping in only one system, thin layers of oxide
on silicon. ' Until now the technique has been limited
by the lack of a means of extracting precise physical
values from STM data, particularly for traps outside of a
narrow bandwidth of relaxation times. " In this paper we
present a simple experimental method with a quantitative
theoretical framework that can determine activation en-
ergies and relaxation times of individual electron traps
over a wide bandwidth with a high degree of precision.

The material used in these experiments, pyromellitic
dianhydride-oxydianiline (PMDA-ODA), is a polyimide
with particular importance to the microelectronics indus-
try because of its low dielectric constant, thermal stabili-
ty, planarizability, and compatibility with commercial
packaging techniques. The observed conductivity in
thin films of PMDA-ODA is not fully understood, but
shallow-trap states localized on the carbon-oxygen bonds
have been suggested, as well as contributions from
resident impurities. Films were prepared on atomically
Hat graphite substrates with DuPont Pyralin PI-2540 di-
luted in N-methylpyrollidinone (NMP), followed by a
stepwise cure to 400'C. Samples were analyzed by x-ray
photoelectron spectroscopy (XPS).

Our STM uses a lever arm and stopper to control tip
approach, with the piezoelectric controls in an orthogo-
nal tripod arrangement. The current preamplifier is an
Ithaco 1211 operated at a dynamic range of 100 nA. All
experiments were performed at operational pressures of
(1X10 ' Torr. To achieve the needed tunneling sta-

bility, tungsten tips were prepared with HF immersion

and in situ field emission at 1000 V with 400—600 pA of
current for 15 min. They were also checked on control
samples of graphite and gold.

We were able to identify spatially localized, reproduci-
ble current fluctuations on the PMDA-ODA surface.
For this purpose we mapped out fluctuation levels over
the sample. At evenly spaced points during the topo-
graphic scan the tip was held still, and 50 current values
were recorded at a sampling rate of 10 kHz. A ratio F of
fluctuations to the setpoint current was defined as
F= ~(I,„I;„)/I„,—„„,~. The ratio is very sensitive to
extrema, but this crude approach works well for distin-
guishing between areas of stable and unstable tunneling.
A topographic image (left) and simultaneously collected
fluctuation map are shown in Fig. 1. Notably, the
difference in fluctuation values between the white and
black areas on the map is two orders of magnitude. The
contrast between regions was constant over several hours.

A more quantitative analysis was performed by exam-
ining the variance and power spectral density of the tun-
neling current at a given point for different bias voltages
(with the same magnitude of setpoint current). Strong in-
stabilities, if present at that site, were only visible within

FIG. 1. Topographic image and corresponding fluctuation
map recorded at a sample bias of 2V and a tunneling current of
1.1 nA. The lateral area is 50X 50 nm, with a greyscale range
of 0.7 nm. Histogram equalization of the topographic image
was performed to enhance vertical contrast. Each square on the
Auctuation map represents one data point. The greyscale range
goes from F =0% (black) to F ~ 2500% (white).
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where N is the number of carriers, N0 is the number of
carriers at thermal equilibrium, N, is the number of
traps, and N„is the number of occupied traps. The devi-
ation from equilibrium, hN, is given by AN =N —No. In
general, these values are unknown. But if the number of
carriers is much greater than the number of traps
(No &)N, ), the first term drops out and

(bN )=N, 1—
t t

(2)

so that the fractional trap occupancy N, &/N, becomes
critical. The variance is highest for a situation in which
half the traps are occupied. At either extreme the vari-
ance goes to zero. %'ith spin degeneracy, the probability
that a trap will be singly occupied can be obtained by sta-
tistical mechanics:

—E /kT
2e
—E /kT

1

E /kT
2

(3)

where E,' is the effective activation energy of the trap.
E,' will be affected by the electric 6eld of the tip, and de-
pends on the distance of the tip from the trap site.
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FICx. 2. Variance as a function of bias voltage for two regions
on the polyimide surface. Each data point represents the vari-
ance of the mean 1.1-nA tunneling current recorded for 350 ms
at 10 kHz.

a certain range of bias voltages. Outside that range, the
variance was comparable to the system Boor noise and
the power spectrum was the expected 1/f form. '

Changes in the variance are shown in Fig. 2. A 100-mV
change in bias voltage could affect the variance by an or-
der of magnitude. Similarly dramatic effects can be seen
in the power spectrum of Fig. 3, which switched from ap-
parent white noise to the stable 1/f form.

For PMDA-ODA, conduction is often trap modulat-
ed. ' ' The system may be modeled as an extrinsic semi-
conductor with electron traps, with carrier fluctuations
occurring between the conduction band and the traps.
The variance of carriers in this case is given by'
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FIG. 3. Power spectrum densities for a point on the PMDA-
ODA surface examined at a tunneling current of 1.1 nA and
sample biases of 0.5 and 2.0 V. For this area, peak current fluc-
tuations were observed at sample biases of 0.5 V, corresponding
to Fig. 2(a).

We know ( EI ) =X ( b,N ), where I is the current
due to the N carriers and L is a proportionality constant.
Following previous authors, ' we assume that
E,' =E, —PeVb;», where P (the electrical distance frac-
tion) is the ratio of the change in energy of the trapping
site to a change in eVb;„. (Because we operate at a posi-
tive sample bias, p represents the distance from the tip in-
stead of the sample. ) It is possible to numerically fit our
variance data using the three previous equations with
kT =0.025 eV. There are three parameters: E, , P, and
E. All parameters are unbounded during the numerical
6t.

The exponent in Eq. (3) renders the curves very sensi-
tive to the value of E,', and provides a rigorous test of
the model. The erst site examined corresponds to the
upper middle region of Fig. 1. For the data shown in Fig.
2(a), E, =0.11+0.03 eV within a 95% confidence inter-
val. ' To our knowledge this is the most precise deter-
mination of trapping activation energy ever made by
STM. P yields a value of 0.20+0.06. E, is physically
reasonable and P is well below unity, consistent with a
surface state. The scaling constant Ii is 54%12 (nA) .
The St is shown as a dashed line, with good agreement
with the experimental data.

A similar analysis was performed for the site of Fig.
2(b). The secondary peaks indicate that there may be ad-
ditional traps nearby; this region (corresponding to the
lower left of Fig. 1) appeared to have a dense trap con-
centration at high bias voltages. Our method is robust
enough to give a good fit to the main peak, with
E, =0.66+0. 16 eV, P=0.39+0.10, and K = 104+21
(nA) .

For the area shown, there are two classes of current
fluctuations: those in the upper middle region, which are
most active at smaller bias voltages [Fig. 2(a)j, and those
in the lower left, which are most active at higher bias
voltages [Fig. 2(b)]. The first class is confined to a loca-
tion which shows some parallel orientation among the
polymer chains. It is useful to compare this to the micro-
scopic charge transport experiments that have been per-
formed in anthracene pyromellitic dianhydride (A-
PMDA). ' Similar to PMDA-ODA, this material is a
donor-acceptor system with an aromatic, m-electron car-
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rier as donor. Electron transport is dominated by move-
ment of electrons between nearest-neighbor pyromelli-
timide units. There is a high degree of mobility between
parallel chains, which act as adjacent shallow traps; this
corresponds to our observations. The fluctuations of the
second region occur in an area that is less topographical-
ly ordered, and they appear spatially isotropic. This is
the manifestation of trapping sites in silicon oxide, ' and
may represent impurities or defects.

We also wish to characterize the rate of the trapping
events. The charge-carrier fluctuation due to generation
and recombination can be described as
dN/dt =g (N) —r(N), where N is the number of carriers,
g is the generation rate, r is the recombination rate, and t
represents time. In general, both g and r are functions of
N. The number of carriers at thermal equilibrium, No, is
defined by dN/dt~~ z =0 or g(NO)=r(No). We may

define deviations in g and r, using a Taylor's-series expan-
sion and an assumption of intrinsic fluctuation in the
rates, e.g.,

g(N)=g(NO)+ bN+bg(t) .dg

We may now rewrite the rate equation in terms of hN:

noise, so Ss(f)=2g(NO) ' . Since g(NO)=r(No), the
spectrum may be rewritten as

4g (No)2
Sx(f)= (10)1+Ql

or in terms of the current as

Io Iog (No)S~(f)= 2S~(f)=4
0 0 1+co t

The variance in N may be expressed as'

g (No)
dr (No ) /dN dg (N—o ) /dN

and therefore

(12)

g2
S,(f)=4 ', &~N') (13)

No 1+co
In Fig. 3(a} the spectrum appears flat for low frequen-

cies, as predicted for co~(&1. For co~&&1, however, the
spectrum should have a slope of —2. We can predict the
rolloff frequency given the magnitude of S~(f) in the dc
limit. At zero frequency,

dhN
dt

dp dg
dN dN

AN+bg(t) br(t)— Si(0)NO

4I', & aN' )
(14)

61V +kg (t) hr(t), — (5)

where

1 dr dg
dN dN

(6)

EN(t) = g a„exp(jco„t),

hg (t)= g b„exp(ja)„t), (7)

b,r(t) = g c„exp(jco„t).

Looking at terms with common factors of exp(j co„t),

1+JC0~7

which yields a power spectrum

(8)

S~(f)= ~ [Sg(f)+S„(f)].1+co
(9)

hg(t) and br(t) were assumed to be a result of shot

v defines the relaxation time for the system. The value of
v can be experimentally determined by the power spec-
trum.

To obtain the relationship between the power spectrum
density and v, we use the X.angevin method' and perform
the expansion for Eq. (5):

The ratio No/Io is given by 1/~K. At the optimal bias
voltage, we assume the maximum variance, which is —,

' for
a single trap. Sz(0) is given by the identity
Sz(0}=& bI )ht, where b,t is the time between current
samples (in this case 0.1 ms). This relationship was
confirmed by the experimental data. For the Quctuator
of Fig. 2(a), S~(0)—3 X 10 s (nA), which implies
&=6X10 s. Therefore the flat spectral power density
is expected over our accessible frequencies of &5 kHz.
r=2X10 s for the fluctuator of Fig. 2(b), which had a
similar spectral power density.

We have been able to determine individual electron
trap activation energies and relaxation times using STM
and a quantitative method of analysis. Since the low-
frequency limit of current noise is the critical piece of ex-
perimental data, this technique is suitable for characteriz-
ing traps with relaxation times within ar aboue the mea-
surement bandwidth. In addition, it is no longer neces-
sary to fit the time-series spectrum of the tunneling
current at each bias voltage, allowing for more accurate
and efBcient experiments.
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