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Scanning Probe Microscopy Studies of Solid-State Molecular Electroluminescent Devices
Based on Tris(2,2-bipyridine) Ruthenium(ll) Complexes
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The charge injection, transport, and light emission of a solid-state molecular electrochemiluminescent thin
(100 nm) film of tris(2,2-bipyridine) ruthenium(ll) complex, Ru(bpyClO,),, was investigated with tuning-
fork-based scanning probe microscopy (TFSPM) in combination with electroluminescence and current
measurements as a function of potential. Spin-cast [RugfPi).).] thin films are shown to contain rather
uniformly distributed nanostructures. These nanostructures produce heterogeneity in the current and
luminescence responses of the films. Both single and double charge carrier (unipolar and bipolar) injection
can take place in these thin films, depending on the magnitude of the bias voltage. Potential-step transients
allow the determination of the effective diffusion coefficients of charge carriers. The effective diffusion
coefficients of electrons or holes depend strongly on the electric field strength (or the applied voltage). We
have also used the TFSPM to penetrate the [Rugopi®.).] thin film to estimate the local thickness of the

film.

I. Introduction relaxation that compensates local charge imbalances produced
] o ) ] by electron-transfer reactions.

With growing interest in solid-state molecular electrolumi- In this work, we utilize tuning-fork-based scanning probe
nescent devices (MELDs) (sometimes generically called “or- nieroqc0ny (TFSPM) in combination with electrogenerated
ganic I'g.ht emitting dew_ces or OLEDs), e_ffor_ts have been made | ninescence and other electrochemical techniques to character-
to investigate such devices based on thin films of polymers or ;o 5 MELD based on a [Ru(bpyCI0s),] thin film to obtain

small molecules.The ruthenium(ll) complexes of bipyridine, 5 patter understanding of the mechanism involved in the charge
phenanthroline, and their derivatives that have been extensively g riar injection and transport processes in this thin film. We

studied in electrogenerated chemiluminescence (ECL) in solu-gpow that spin-cast [Ru(bpyClOy);] thin films are not

tion have recently been used in solid-state-based light-emitting ¢y salline but rather contain uniformly distributed nanostruc-
devices? High-brightness and high-efficiency emissions with yres Our results demonstrate that both single and double charge
short delay times to reach maximum emission have been crrigr injection takes place in this thin film, depending on the
reported® However, the emission in these cells decreases with magnitude of the bias voltage and the time domain of the
time. The origin of this decay is currently under investigation gyneriment. The effective diffusion coefficient of electron or

and appears to be related to the generation of a quencher fromngie is also shown to depend strongly on the electric field
the excited state of Ru(bpyf. Rudmann et a? suggest that  grength (or the applied voltage).

when the cell is operated under low voltage conditions, the light
output is more stablg. An electrochgmical mechanism ha§ k_)een”. Experimental Section
suggested as operative in these solid-state devices, as originally
proposed in solution phase ECEIn these devices, current flow 1. Chemicals. Commercially available Ru(bpyQl, (Alfa
occurs by electron injection into a bipyridine ligand at the Products) was converted to Ru(bgilO,), by a metathesis
negatively biased electrode and hole injection into the Ru(ll) reaction with an excess of NaGJ®The precipitate was washed
center at the positively biased electrode. In the bulk of thin film, thoroughly with water to remove excess NaGkhd dried in a
electric-field-driven charge hopping between electronically vacuum. All solvents were spectrophotometric grade and were
localized redox sites occurs until a radiative or nonradiative used as received.
recombination takes place. 2. Film Preparation. Thin films of Ru(bpy}(ClO,), were

In previous publication§,we demonstrated that scanning spin cast onto Au+{20 nm on glass) or indium tin oxide (ITO)
electrochemical microscopy (SECM) provides valuable informa- substrates (Delta Technologies, Inc., Stillwater, MN) from a 4%
tion about charge transport and thermodynamic parameters. We(w/v) acetonitrile solution at room temperature with a photoresist
applied the SECM in combination with chronoamperometry and spinner (Headway Research Inc., Garland, TX). All films were
voltammetry to study the oxidation/reduction behavior of redox heated in a vacuum oven at 126 for 8 h and then stored in
polymer or ionically conductive polymer thin films incorporating  dry argon in the dark at room temperature before the measure-
a redox moiety. An important parameter that depends on the ments were made.
polymer oxidation state is the effective conductance at a given 3. Instrumentation and Methods. The home-built TFSPM
point in a thin film. This represents the combined effects of the used in this experiment was developed from an instrument
electron transport rate to or from a point by electron or hole described previouslyby incorporating a tuning-fork-based
hopping between oxidized and reduced centers and the ionscanning probe microscope (SPM) tip assembly. A sharpened
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Figure 1. Schematic representation of the measurement with a tuning- 0.2 2 1
fork-based SPM tip contacting the surface of a Ru(b(3j04). thin ’ / 2
film on ITO substrate. 0 ! i
Pt wire (diameter~-100u4m) serving as the tip was glued along -0.2
the side of one of the prongs of a quartz crystal tuning fork.
Such tuning forks are commercially available for operation at -0.4 1 A
32768 Hz (Digi-Key, Thief River Falls, MN) or at ca. 90 kHz 1
(ThermoMicroscope, Sunnyvale, CA). The mechanical reso- -0.6
nance of the fork was excited with a piezoelectric tube serving 4321012345
to dither the tuning fork so that the tip was vibrated parallel to 2 04
the sample surface. The construction and testing of this shear g 2
force sensor followed closely the procedures reported previously g 0.2 L
by Karrai and Grobe#. £ 0 ! . .
Current-voltage responses of Ru(bp{¢!0.), thin films on - 2 |

ITO were examined by voltage steps and sweeps across the ITO ) 02
substrate and the tip (Figure 1). The voltage was supplied from S 0.4
an EG&G model 175 universal programmer, controlled by an £ B |
IBM PC equipped with a DT2821 interface board. The pA- g 06 1
level currents were monitored with a high sensitivity current 5 -0.8

amplifier. The luminescence intensity was measured with a -4 -3 -2 -1 0
Hamamatsu R4220 photomultiplier tube (PMT) operated at
—750 V or a time-resolved photon counting system (model

T914P, EG&G). The PMT current was measured with a Figure 3. (A) Typical current-voltage (c_urve 1) and luminescente
Keithley model 6517 electrometer voltag_e (curve_ 2) plc_)t's of a 100 nm thlck Ru(bgp!O,), layer on
. ) ) ) ITO with a Pt tip positioned inside the film (ca. 60 nm away from the
Specific experimental procedures and parameters will be |10 surface). Voltage scan rate, 0.1 V/s. (B) Several distinct current
described in more detail in the individual sections. All measure- steps or shoulders were sometimes observed in the negative tip bias

ments were carried out in dry argon if not otherwise mentioned. region in a different experiment.

Tip Bias (V vs. substrate)

that several current steps or shoulders, similar to those observed
in voltammograms at microelectrodes in an acetonitrile solution
A film thickness of about 100 nm was determined by making containing Ru(bpy§", were sometimes observed at negative
a light scratch on the surface and measuring the line profile E, (for example, see Figure 3b), depending on the voltage scan
across it with an atomic force microscofjét was also estimated ~ rate. Peak-shaped voltammograms at microelectrodes usually
from the difference between the onset substrate displacemenindicate that the potential sweep rate employed is not slow
to observe current (or shear-force change) and the displacemengnough to completely establish a steady-state conditioithe
where tunneling (or abrupt change in the shear force) takes placepositive-bias region, current flow started at 2.3 V, while
(Figure 2). See also the next section for a more detailed luminescence was observed at tip bias positive oftca7 V.
description about the current (or shear-force change) vs distanceThese onset voltages for light emission of 2.7 V are slightly
relations. The thickness determined from these two techniqueshigher than those reported for solution ECL of the same

I1l. Results

agreed reasonably well. compound but are roughly the same as those seen in solid-state
1. Current—Voltage and Luminescence-Voltage Mea- devices with different contact materials. Similar voltammetric

surements.Figure 3a shows some typical currewbltage and and luminescencevoltage behavior was also observed when

luminescencevoltage plots of a 100 nm thick Ru(bp{I|04)2 Au on glass, instead of ITO, was used as the substrate. Detailed

layer on ITO with a Pt tip positioned inside the film (about 50 results on the effect of the contact materials will be reported
nm deep). As the tip voltageEf) was scanned negative with  elsewhere.

respect to the ITO substrate, significant current began to flow 2. Current—Distance, Luminescence Distance, and Shear
through the device at ca:1.7 V, while detectable light emission  Force—Distance RelationsWhen the tip was biased &t3.0
was observed only at tip voltages negative of€a.7 V. Notice or —3.0 V with respect to the ITO substrate and it approached
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Figure 4. Current, luminescence, and shear force (SF) as functions of
distance @). In frames A and B, tip was biased #8.0 V, while in was seen when the tip was farther away from the film surface.
frames C and D, tip was biased-a8.0 V. Curves 1 and 2 represented  a¢ east part of the initial current spike is apparently associated
current () and luminescence intensity (El), respectively. Curve 3 is . . T
the expanded (5 times for frame A and 10 times for frame C) curve of W'th the stray_ capacitance of the current-mefasurem(_ent cireutt,
2 which has a time constant set at ca.;20for this experiment.

Part of it is associated with the ionic current of the film, which

2 is discussed below.

4 As shown in Figure 5, at low positive tip bias (e.g3.0
157 V), the current rose slowly and approached a steady-state plateau
1t within a few seconds. An increase of the step voltage to 4.0 V
increased the initial rise speed of the current and it reached a
steady-state plateau within 2 s. An increase of the step voltage

- 2 to 4.5 V had no dramatic effect on the shape of the initial part
0 T T T = of the current-time curve, but it substantially affected the
current on a longer time scale.
-0.5 Current transients for negative valuesE&f were obtained
0 07 14 21 28 3.5 by moving the tip to a nearby location and repositioning the tip
Time (s) again at ca. 60 nm from the ITO substrate. The tip bias was
Figure 5. A series of current transients through a ca. 100 nm thick then stepped frm 0 V to different negative values, and the
Ru(bpy)(ClO.); layer on ITO as the Pt tip was positioned within the ~ Current was recorded as a function of time. Four typical curves
film at ca. 60 nm away from the ITO surface, and a voltage step was are shown in Figure 6. For negatitz positive of—3.0 V, the
applied between tip and substrate. Tip voltage steps:+(2)8 V; (2) quasi-steady-state current plateau became larger in magnitude,
+35Vi(3)+40V;(4)+45V. and the corresponding time to reach the plateau decreased as
the potential was made more negative (from curve 1 to curve 3
the surface of a Ru(bpy(ClOs,)- film, current flow was observed  of Figure 6). WhenE, was negative of~3.0 V, the current
at the position where change in shear force was detected (Figuraeached a steady-state plateau within 0.5 s, and then it increased
4). The current response showed only a slight delay with respectagain with time as shown in curves 3 and 4 of Figure 6,
to the shear force response when the tip is biased30 V. suggesting the onset of the second process. Similar behavior
At +3.0 V tip bias, light emission occurred from the surface was observed when BF, instead of CIQ -, was the counterion
region of the film as soon as the current flow started through (not shown).
the device. However, at 3.0 V bias, light emission spatially 4. Topographic, Current, and Luminescence Images.
lagged behind both the current and the change in shear force Information about the morphology, conductance, and lumines-
A delay of the emission with respect to the current at negative cence homogeneity of the spin-cast Ru(Rf$)O,). films was
bias was also observed when Au, instead of ITO, was used asobtained with TFSPM. Figure 7 shows the topographic and
the substrate. This apparent depth profile of light emission may current image at 3.5 V and the luminescence image3b V
be mainly associated with the time behavior of the carrier of a layer (~100 nm thick) of Ru(bpy)(ClO4), on ITO, taken
injection and transport as described below, since the lumines-simultaneously with a Pt tip. The topographic image was
cence profile was coincident better with the current profile in recorded at constant amplitude of shear force, which was set at
the reverse displacement scan (not shown). 2% less than that when the tip was far away from the film
3. Current Transients. Information about charge carrier  surface. The tip bias was pulsed betweeh5 and—3.5 V with
injection and field-driven charge transport through the film can pulse duration of a few milliseconds, and the currentats V
be obtained from potential-step transients. Figure 5 shows aand luminescence at3.5 V tip bias were monitored. In frame
series of time-dependent current flows throughX00 nm thick A on the left side of Figure 7, we show a micrometer-sized
Ru(bpy}(ClOy). film coated on ITO as the Pt tip was positioned hole as a marker, which was artificially made by a tip crash by
at ca. 60 nm away from the ITO surface and a voltage step wasapproaching the tip to the substrate without turning the feedback
applied between tip and substrate. The voltage step produced doop on. Also shown in frame A on the right side of Figure 7
fast (=1 ms) transient current spike (barely distinguishable from is a higher resolution image for the portion of surface at the
the y-axis) followed by a slow rise. A smaller current spike upper left corner of the frame on the left. The image suggests

0.5

Tip current (nA)
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positioned inside the films. The topographic image (Figure 7)
of a Ru(bpy)(ClOy), thin film shows rather uniformly distrib-
uted nanostructures, although pinholes of sub-micrometer
dimension are sometimes observed. Current flow and light
emission could occur on both positive and negative tip bias.
Different shaped voltammograms are observed at negative tip
bias (—1.7 V) and positive biasx+2.3 V). The situation is
quite different for light emission, which occurs at nearly the
same voltage of magnitude of ca. 2.7 V for both positive and
negative tip voltages. The small difference between the onset
voltages for solution and solid-state electrogenerated lumines-
cence could be attributed to different bulk resistance of the film
and the electrolyte as discussed below.

1. Charge Carrier Injection. The current flow depends on
the sign and magnitude of the tip voltage (with respect to the
ITO or Au substrate). At a low negative biasZ.7 V < E,
<—1.7 V), the initial part of the voltage pulse first causes
charging of the tip and ITO. The electric field created across
the film then causes ionic movement, in the case here, motion
of CIO,~ away from the tip. This redistribution of charges leads
to higher fields near the tip surface. Injection of electrons from
the tip (or reduction of Ru(bpy™ at the tip) occurs with

Figure 7. Topographic image (A) and current image-88.5 V tip electrons _movmg thrOUQh the fllm_a_nd _InJeCtlr!g into the lT.O
bias (B). Luminescence image a8.5 V (C) of a single layer of Ru- co_ntact (_smglt_a carrier or unlpo_lar injection) (Figure 8-1). This
(bpy)(ClO,), on ITO, taken simultaneously with a Pt tip. Tip raster  unipolar injection process very likely favors the electron transfer
rate is~0.25 Hz. Marker is Jum. occurring at the tip at low bias in the present experimental
configuration. Analogous to solution electrochemistry, the
that the film contains no particularly crystalline grains but rather current shoulder observed in the negative voltammetric curve
uniformly distributed nanostructures. Preliminary transmission (as shown in Figure 3B) probably corresponds to the first
electron microscope images of these films also suggest that theyreduction wave of Ru(bpy*. From the half-wave bias voltage,
are amorphous with any crystallites of siz&& nm32 These we estimate the total voltage drop across the two interfaces and
structures, however, produce heterogeneity in the current andthe bulk film for the first reduction to be about 1.8 V. An

luminescence responses of the film. analogous process with hole-injection (or oxidation of Ru-
_ _ (bpy)?") at the tip occurs with a positive tip bias. At these bias
IV. Discussion values, the potential drop is not sufficiently high to cause both

Ru(bpy)(ClOy); films spin-cast on ITO or Au electrodes €lectron and hole injection into the film.
exhibit light emission and current flow when a sufficiently high With single carrier injection, current flows, but no light
voltage is biased between the substrate and a sharpened Pt tipmission is observed. At higher tip bias valugs)(= 2.8 V),

L. Single Carrier (e.g. electron) injection II. Double Carrier (electron
and hole) injection

(-) Tip Film ITO or Au (+)
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Figure 8. Schematic representation of charge carrier injection and ion redistribution in the film at various stages after application of a voltage step.
2+ represents Ru(bpy?'; 3+, Ru(bpy)}®t; @, Ru(bpy}™; e, electron and h, hol&, for CIO,~; curved arrows for charge hopping or recombination
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a similar process occurs. However, here, at negative tip bias, 2
both electron injection at the tip and hole injection at the ITO A
substrate are possible (or vice versa at opposite tip bias). With 1.5 T
this double carrier (bipolar) injection, eventual electron-hole 1k
annihilation produces an Ru(bpy) excited state and light -
emission (Figure 8-II). 0.5}

2. Charge Carrier Transport. The effective diffusion

. . . . . 0 . . .

coefficients of the carrierdf) are important in understanding
the slow rise in the current after a voltage step is applied to -0.5
Ru(bpy}?"-based MELD and why the initiation of light 0 0.5 1 15 2
emission lags behind the current flow in the present experimental 2
configuration. We explore the possibility of measuribg: from B
the current transients at small voltage steps. Under such 1.5

conditions, as discussed above, single carrier injection occurs
at the tip and no light is emitted. Electron-hole-pair recombina-
tion can thus be neglected. We will also consider the electronic
current as the diffusion current only and deal with the ionic
current (perhaps mainly contributed by anion migration and
redistribution inside the film) independently. This simplifies the
mathematics, and an approximate analytical solution, eq 1, can

be obtained (see eq A13 in the appendix for the derivation). 0 0.5 1 1.5 2
T
| = Ievss[erfc(ll(l')l’z) +{2(1+ 1/L)/(J‘ET)1/2} exp—1/m)] + Figure 9. Experimental (symbols) and calculated (solid line) normal-
.o eXp(-TT/rg) (1) ized current-time curves. (A) A tip voltage step of 4.0 V. Fitting
3

parameters for eq 1: /= 0.6, less= 0.99,7 =1.85, the normalized
ionic current,l;, was negligibly small £0.005) as compared to the
wherel = i/ij, less= lesdil, lig = lioli, L= 0/ro, T=tl7, 7 = normalized electronic current, on a time scale of about 1 s.. (B) A

92/(4Der), i) is the diffusion-limited current plateaw, is the tip voltage step of-3.0 V. Fitting parameters: L/= 0.6, less= 0.93,
film thickness,ro is the radius of curvature of the tip, and the 7= 0-36.li = 0.005. Time scale, about 3IsandT are the normalized
rest of parameters are defined in the Appendix. The first term current and time, respectively.

on the right side of eq 1 is the electronic current, and the second 8E-11

term represents the ionic component. This equation predicts a O
current-time curve which shows a fast current spike followed & TE11 o ’
by a slowly rising current plateau when the ohmic (charging) o~ 6E-11 i
or dielectric relaxation timerg, is much shorter tham as E
observed in most experimental curves. Under such conditions, ~ 9SE-11 1
at long times, the ionic current component is negligible &« 4E-11 .
compared to the electronic current component. 3
Theoretical curves that correspond to experimental curve 3 : 3E-11 7
of Figures 5 and 6 shown in Figure 9 were calculated from (1), %= 2g.11 | .
with the same values of geometric paramet@rss 100 nm © a 4
and L1 = 0.6 and a small contribution<5%) from the ionic = 1TE11 1 + +
current, except at the very beginning of the curves. It was Y 0 1 P 1 . .

possible to fit, quantitatively, those curves obtained at low tip 4 3 2 1 0 1 2 3 4
bias, e.g.<4.0 V for positiveE, or >—3.0 V for negativeE,, Y te T

when only single carrier injection predominates. It was also Ea—n(V)

possible to fit the initial rising portion of those curves obtained Figure 10. Effective diffusion coefficients of electron (squares) and
at higher tip bias. On a longer time scale, the fit was not as holes (pluses) as functions of (applied voltage-overpotential at the tip),
good, perhaps because other processes, such as double carrifFa—7).

injection or a second reduction of Ru(bg¥), took place. Under ] o . )

such conditions, extensive ion redistribution in the film may transport and also light emission with short turn-on time. For a
theory is required. Nevertheless, this simple analytical expressionthe film, one may also choose a proper pair of chemically and
proved sufficiently accurate for the case of low bias to provide €lectrochemically stable electrodes to decrease the carrier
a good quantitative fit between the theoretical and experimental injection barrier. It is also better to optimize bulk ionic
results, which allows measurify from the current transients. ~ conductivity, because ionic space charge relaxation will degrade
As shown in Figure 9, a good fit between theory and experiment the internal electric field in the long run.

was obtained for both positive (A) and negative (B) tip bias,
when the values of the parameters, ey, were adjusted to
fit these curves were quite different. As summarized in Figure  Spin-cast [Ru(bpy[ClO4)2] thin films contain uniformly

10, Dest for both electron and hole are strongly electric-field distributed nanostructures as imaged with a shear-force SPM
strength (or voltage bias) dependent, as predicted from thecombined with the ECL technique. These nanostructures
hopping mechanism for carrier transp&¥t! Thus, large voltage  produce heterogeneity in the current and luminescence responses
biases can probably be employed to accelerate charge carrieof the films. Our results, in agreement with recent studies on

Conclusions
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ITO

Figure 11. Approximate representation of the tip and the substrate as
two concentric spherical conductive segments.

related thin layer cellddemonstrate that both single and double

charge carrier (unipolar and bipolar) injection take place in these

thin films, depending on the magnitude of the bias voltage. The

potential-step transients allow the determination of the effective

diffusion coefficients of charge carriers. We show that the
effective diffusion coefficients of electrons and holes depend
strongly on the electric-field strength (or the applied voltage).

Appendix

Model. We consider the case of low absolute tip bis,|(
< 2.7 V) and single carrier injection. We assume a film of
thicknessy?, on a conductive substrate with an initial uniform
distribution of Ru(bpy¥* (concentration,C*) and CIlO;~
counterion (concentration,2). For a negative tip bias after
electron injection, some Ru(bpy} is reduced to Ru(bpyy
(which are equivalent to electrons in the film). At all times,

Cox 1+ Creg=C* (A1)

where Ox is thet+2 state and Red is thel state (for hole
injection at the tip, Ox is the-3 state and Red is the original
+2 state). After injection, the conductivity is mainly due to
electron hopping (negative tip bias) or hole hopping (positive
tip bias). One approach is a calculation of the mobility of the
electrons or holes based on solution of the Nerfdanck
equation that treats the effects of both diffusion and migration
(drift) on carrier mobility. Simulations of this case, accounting
for the variation of field with time, have been carried out for
cells of this typ&® or in solution with no or low supporting
electrolyte!? The alternative approach used here treats this
problem as diffusion in terms of a single diffusion equation and
an effective diffusion coefficientDes, that is a function of
concentration and electric field strength (or applied poten-
tial).1011 We adapt this approach due to its simplicity and
analytical accessibility for data extraction. For simplicity, we

also approximate the tip and the substrate as two concentric

spherical conductive segments (Figure 11). The diffusion
problem for electron injection into a thin layer of redox material
initially containing only oxidized electroactive moieties can then
be formulated for the electrons (i.e., the reduced form of the

Fan and Bard

redox material) as follows:

3Cred 0t = Dggs0”Cred O + 2(Deg/r) Cred Or

t>0, r>r, (A2)
Credl.0)=0; Co(r,0)=C* r>r, (A3)
Creqls finite for all t andr (A4)

in which rg is the tip radius of curvature.

Assuming that the heterogeneous electron-transfer reaction
(electron injection) at the tip is rapid, so that the Nernst
relationship holds:

COxs/CReds = exp(nfn) =0 (AS)
wheren (= Er — E*') is the tip overpotential anBy is the tip
potential.E*" is the standard potential for the redox couple in
the film, which is equivalent to the formal potential of a redox
couple in solutionf = F/RT, F is the FaradayR is the gas
constant,T is the absolute temperature, amis the number of
electrons involved in the heterogeneous electron-transfer process
(=1). Cred andCoy® are the concentrations of the reduced and
oxidized moieties at the tip surface, respectively.

At the substrate (ITO)/film boundary, the electron flux is
given by:

i/NFA= D[ 0Cg (I t)/0r] r=0+r, (AB)

whereic is electronic diffusion current anlis the active surface
area of the substrate.

One could also consider finite kinetics for electron transfer
at the substrate/film interface as a boundary condition, but this
is not discussed here. As a first approximation, we assume that
the electric field in the bulk of the thin film (i.e., except at a
Helmholtz layer at the surface of tip and substrate) is uniform
and independent of time over the time scale of interest for the
transient. This assumption is apparently justified, because this
simplified model proved to be sufficiently accurate to provide
a good quantitative fit between theory and experimental results,
except for a high voltage step. Under such conditions, the
solution of eqs ATAS5 gives Creq (the Laplace transform of
Cred at negative tip bias (after some mathematical manipula-
tion)®11.13

Creq= C*/s — {r8C*/[r(1 + 6)9]} x
exp[—(r — ro)(¥De) ™ (A7)

where

~ _(® —st
CRed_ j(‘) CRede dt
Inverse Laplace transform @req gives:

Creg= C* — {0r,C*[(1 + O)r]} erfc(t — ro)/2D ")
(A8)

where erfc is the error function complement &t given by
eq A5.
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Combination of eq A6 with eq A8 yields the expression for generalized treatment for carrier injection and transport in a point

the diffusion current. contact to a planar substrate configuration has not been solved
analytically but can be addressed by numerical or digital
o= ieysierfc[ﬁ/(Z(Deﬁ)llzt)] + (0 + ro)/(nDeﬁ)llzt] X simulation techniques as described in the literat#&®Rigor-
42 ous treatment of those currefitme curves, as shown in Figures
exXp[=/(4De)] (A9) 5 and 6, with numerical or digital simulation techniques is
where iess = NFOaDeTCHO/L + 6), in which @ is the interesting but not yet accomplished.
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