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Abstract

The use of a variable resistor-capacitor 
(RC) bridge circuit was previously reported 
to be a viable solution to the spurious 
contribution of fringe capacitance during 
nanoscale impedance microscopy (NIM). 
In this paper, a refinement of this technique 
combined with standard NIM is presented 
as an impedance characterization tool for 
organic light-emitting diodes (OLEDs). 
In this technique, a sinusoidal bias is 
split into two equal branches, which 
are subsequently sent to the tunable RC 
circuit and the sample. By balancing the 
phase and magnitude of the two branches, 
the contribution to the current through 
the sample/tip junction can be directly 
monitored. To demonstrate the improved 
detection limit offered by this technique 
over more conventional NIM, conductive 
AFM measurements were performed on  
8 µm by 8 µm OLED devices, demonstrating 
significant improvement in resolution in 
the current and phase maps. This paper 
also suggests possible future research 
that is necessary to fully enable impedance 
spectroscopy at the nanoscale. 

Introduction

Recent progress in the development 
of organic light-emitting diodes has 
led to the realization of OLEDs with 
power efficiency and color tenability 
that are adequate for commercializa-
tion; however, device stability is still a 
major problem.1 As the size of OLEDs 
continues to shrink, significant device-
to-device nonuniformities may occur due 
to fabrication- and materials-dependent 
micro- and nanoscopic spatial variations. 
These nonuniformities may lead to 
reduced overall system performance, 
such as “dark spots” at various locations 
in the device that exhibit little or no 
electroluminescence. Conductive atomic 
force microscopy (cAFM) has been 
effective at probing current flow and 
resistivity variations with nanometer 
scale spatial resolution in a variety of 
materials and devices.2–6 In this method, 
a conductive AFM tip is brought into 
contact with the gold/aluminum cathode 

of the sample, which is subject to an 
external bias applied to the glass/ITO 
layer. Profiles of distinctive individual 
OLED devices have been obtained with 
current, topography, and electrolumi-
nescence mapping under direct current 
(DC) bias.7 In these maps, device-to-
device variations in light emission and 
current flow have been seen.

Another cAFM technique — nanoscale 
impedance microscopy (NIM) — was 
recently developed as a characterization 
tool of nanoelectronic devices and 
circuits.8 NIM concurrently monitors 
the amplitude and phase response of the 
current through a cAFM tip in response 
to a temporally periodic applied bias. 
By varying the frequency of the driving 
potentials, the resistance and reactance 
of conductive pathways can be quanti-
tatively determined.8 In this technique, 
an alternating current (AC) is applied to 
the sample, and the resulting amplitude 

Figure 1: Schematic diagram of cAFM measurement under dc bias.  
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and phase response of the current at 
the driving frequency is monitored by a 
cAFM tip and analyzed with a lock-in 
amplifier. However, the resolution of 
this technique is limited by the fringe 
capacitance between the sample and the 
probing compartment. Theoretically the 
fringe capacitance can be modeled as a 
parallel capacitor that consists of two 
plates, one of which is the ITO sheet of 
the sample, and the other is the non-apex 
region of the cantilever. The additional 
current flow due to the fringe capacitance 
convolves with the current flow through 
the tip/sample junction, resulting in 
corrupted current and phase shift maps. 

A previous experiment9 presented the 
use of a variable resistor-capacitor (RC) 
circuit to compensate for the spurious 
contribution to the AC flow by fringe 
capacitance in NIM measurements. By 
analogy to the variable RC components 
in electrical bridge circuits, this 
technique was referred to as bridge 
enhanced nanoscale impedance 

microscopy (BE-NIM). In this experi-
ment, cAFM scanning was performed on 
gold electrodes patterned on silicon oxide 
grown on n-type silicon at a single AC 
bias and frequency. It was demonstrated 
that with BE-NIM, the detection limit 
of NIM could be improved by at least 
several orders of magnitude. Here we 
present a refined BE-NIM technique 
that is applicable to operational OLEDs 
for the first time. This work may lead to 
future development in impedance study 
at various frequencies. 

Background

Electroluminescence (EL) — the 
generation of light (other than black-
body radiation) from condensed matter 
by electrical excitation — has been inves-
tigated in organic molecular solids since 
the 1950s.10 OLEDs follow the same 
light-emitting principle as traditional 
LEDs. When an electron from the elec-
tron-transport material combines with a 
hole from the hole-transport material, a 

photon is emitted. The main difference 
between OLEDs and traditional LEDs 
is that the electron- and hole-transport 
materials are organic solids instead of 
inorganic ones. Practical commercializa-
tion of these early devices was limited 
due to several obstacles, including the 
high operating voltage as a consequence 
of the crystal thickness in the micrometer 
range, in addition to the difficulties in 
producing stable and consistent devices. 
A significant improvement on organic 
electroluminescent devices was made in 
the 1970s by the use of thin organic films 
prepared by vacuum vapor deposition or 
the Langmuir-Blodgett technique instead 
of single crystals.11–13 As a result of the 
reduced organic layer thickness, the same 
electric field was achieved with a much 
lower operating voltage. True potential 
for applications of OLEDs in lighting 
and display devices were demonstrated 
by Tang et al. using multilayer structures 
that considerably enhanced the efficiency 
of light emission by achieving a better 
balance of the number of charge carriers 

Figure 2: A block diagram of BE-NIM apparatus. 
An ac bias originating from the LIA is subse-
quently split into two branches, one of which is 
sent to the variable RC circuit while the other 
is fed to the sample. The current and phase of 
the difference between the two branches are 
measured by the LIA and exported to the AFM 
control electronics.
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Figure 3(b): Current map of the OLED array collected at an applied dc bias of 18V  
and a set point force of 15nN.

of opposite sign and further lowered 
the operating voltage by reducing the 
mismatch of energy levels between the 
organic materials and the electrodes.14,15 
Improvements in materials and device 
architecture have resulted in devices with 
luminance exceeding 100000 cd/m2 and 
external quantum efficiencies in excess 
of 4%.16 Since the end of 1990s, OLEDs 
have entered the stage of commercializa-
tion and are considered promising 
candidates for the next generation of 
large-area flat-panel displays.17,18

Although it has been reported that high 
luminance and efficiencies19 can be 
achieved with OLEDs that may enable 
future technological applications, the 
insufficient lifetime and the necessity 
for encapsulation of these devices still 
pose significant difficulties for their 
true commercialization. Moreover, 
both electroluminenscent intensity and 
efficiency decrease during operation, in 
addition to the formation and growth 
of nonemitting areas (“dark spots”) 
accompanied by increasing resistances 
of the devices.20,21 To arrive at a better 
description of the electrical properties 
of organic light-emitting systems, 
equivalent circuits are often used. Using 
impedance microscopy, it was found that 
two parallel RC components connected 
in series are required for the description 
of two-layer devices,22 where an NPB 
layer is used as the hole transporter and 
an Alq layer as the electron carrier. 

Figure 3(a): Topography map of the OLED array collected at an applied dc bias of  
18V and a set point force of 15nN.
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Approach

Sample Preparation
The fabrication of OLEDs used in the 
experiment is achieved in the following 
procedure. Indium-tin-oxide (ITO) glass 
slides with a sheet resistance of < 30 Ω/cm 
from Thin Film Devices were cleaned and 
used as a substrate.23 The hole-transport 
material α-NPB [N, N’-di(α-naphthyl)-
N,N’-diphenyl-1,1’-biphenyl-4,4’diamine] 
and the electron-transport/emissive 
material Alq [tris(8-hydroxyquinalato) 
aluminum(III)]24 were purified by 
gradient sublimation prior to use. The 
NPB and Alq layers were then thermally 
deposited at a rate of 1.5 – 2.0 Å/s to a 
thickness of 25 and 30 nm, respectively, at 
a base pressure of 10-7 Torr. The cathode 
consists of a silver layer also deposited by 
thermal evaporation. A stencil mask con-
sisting of a 2000-mesh copper transmis-
sion electron microscopy grid (Ted Pella, 

Inc.) was used to define the 8 µm by 8 µm 
dimension of the cathode. In a similar 
cAFM experiment previously done by the 
Hersam group, a 12 nm gold layer was 
deposited on top of a 60 nm aluminum 
layer to prevent oxidation of aluminum 
during the experiment. However, due to 
slight variations in cathode source location 
during evaporation of the aluminum 
and gold, these metal layers were slightly 
misaligned or offset. In this experiment, a 
single silver layer is used as the cathode in 
the hope of avoiding the misalignment.

DC Characterization of Samples
Prior to making impedance mea-
surements under an AC bias, DC 
characterization was performed to ensure 
that the newly fabricated devices with 
silver cathodes respond to the DC bias 
in the same way as devices deposited 
with gold/aluminum cathodes. A 
schematic of the apparatus is shown in 

Figure 1, as previously reported in an 
article by Pingree et al.7 Scanning was 
performed with a Thermomicroscope CP 
Research AFM in ambient conditions. 
Titanium-doped, platinum-coated AFM 
UltrasharpTM tips from MikroMasch 
were used in the measurements. Current 
flow through the tip-sample junction was 
detected with a DL Instruments 1212 
current preamplifier and converted to a 
digital signal with an analog-to-digital 
converter. The same sample and AFM 
tips would be used in the next stage of 
the experiment, AC characterization with 
BE-NIM. 

Bridge Characterization
Fringe capacitance, which acts in 
parallel with the tip/sample junction, 
has been reported to range from 1 to 100 
pF.25,26 In our apparatus, we chose three 
air-variable capacitors whose range of 
capacitance matched that of the fringe 

Figure 4(a): Normalized distribution of current for 68 OLEDs with Ag 
cathodes. Current values are normalized to the mean.  

 

Figure 4(b): Normalized distribution of light emission, current, and 
quantum efficiency for 74 OLEDs with Au/Al cathodes.27
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capacitance when connected in series. 
Each of the capacitors consisted of four 
metal plates, two of which could be  
finely tuned with a knob connected 
to the shaft. These two plates comple-
mented the other two and increased 
capacitance when turned in one section 
and vice versa. The capacitors were then 
connected to three resistors in series,  
with resistances of 1 kΩ, 1 kΩ, and  
5 kΩ, respectively. Despite the fact that 
capacitance and resistance are generally 
considered to be frequency independent, 
it was necessary to perform some tests to 
ensure that this was indeed the case in 
our setup. This was especially true for 
the capacitors, since interaction between 
plates spaced further apart might 
be negligible at low frequencies, but 
become significant at higher frequencies, 
thus exhibiting frequency-dependent 
behavior. The characterization of the 
bridge was accomplished by performing 
frequency sweeps on the capacitor and 
resistor circuits for a long range of fre-
quencies, which was 500 Hz to 30 kHz 
in our case. If any nonidealities existed 
in the circuits, variations in measured 
capacitance or impedance would be 
observed on a capacitance-frequency or 
an impedance-frequency plot. After the 
bridge was verified to behave ideally, it 
was added to the circuit to complete the 
construction of the experimental setup. 

Figure 5(b): Plot of bridge resistance as a function of frequency for frequencies from 100 Hz to 30 kHz.  

Figure 5(a): Plot of bridge capacitance as a function of frequency for frequencies from 100 Hz to 30 kHz.  
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Figure 6(c): Current map collected at 0.15V ac bias, 4 kHz frequency, 0V dc 
bias, and 15nN set point force with the conventional nonbridge NIM.

Figure 6(a): Current map collected at 0.15V ac bias, 4 kHz frequency, 0V dc 
bias, and 15nN set point force with BE-NIM. .

Figure 6(b): Phase map collected at 0.15V ac bias, 4 kHz frequency, 0V dc 
bias, and 15nN set point force with BE-NIM

Figure 6(d): Phase map collected at 0.15V ac bias, 4 kHz frequency, 0V dc 
bias, and 15nN set point force with the conventional nonbridge NIM.
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Bridge Enhanced Nanoscale  
Impedance Microscopy
The apparatus of BE-NIM was originally 
proposed in the work by L. S. C. Pingree 
et al. in 2005. A schematic of this 
technique is shown in Figure 2. In this 
experiment, an oscillatory driving signal 
was generated by a Stanford Research 
Systems SR 850 DSP lock-in amplifer 
(LIA) and was subsequently split into 
two equal signals at a T-junction. One 
branch of the signal was directed to the 
AFM as the driving AC bias, whereas 
the other branch was sent to the variable 
RC bridge. Conductive AFM measure-
ments were made with titanium-doped, 
platinum-coated tips in ambient 
conditions. Using two independent DL 
Instruments 1212 current preamplifiers, 
the current from both branches was 
monitored. Subsequently the sample and 
bridge signals were sent back to the A 
and B inputs of the LIA, respectively. To 
obtain impedance maps of the sample, 
the magnitude and phase outputs of the 
LIA were routed to the AFM control 
electronics. To circumvent the problem 
of fringe capacitance, a preliminary scan 
was performed to obtain a topography 
map of the sample. After the topography 
map was collected, the AFM tip was 
then moved to a non-OLED region 
where it was directly in contact with the 
organics, offering only a high resistance 
pathway for current to flow through 
the sample/tip junction. The variable 
RC bridge was tuned at this time to 
minimize the magnitude and phase of 
the signal detected by the LIA, which 
would be the current flow caused by 
fringe capacitance. Contact mode cAFM 
was commenced subsequently. If the 
bridge was tuned precisely so that it could 
balance out the fringe capacitance, the 

difference of A-B would be, in principle, 
the current flow purely contributed to by 
the tip-sample junction. 

To prepare the experimental apparatus 
for impedance spectroscopy, frequency 
sweeps were performed on the current 
preamplifiers as well as fringe impedance 
to determine their response with respect 
to frequency. This was necessary because 
any frequency-dependent behavior in 
the experimental apparatus and fringe 
impedance would disturb the bridge 
balance, and any unbalanced portion 
of the signal would convolve with the 
current flow in the device, contributing 
additional magnitude and phase shift 
to the measurements. The current 
preamplifier had a gain setting of 106 in 
all of the following frequency sweeps.

Results 

DC Characterization of Samples
Under a driving DC voltage of 18V, 
topography and current maps were col-
lected as shown in Figure 3(a) and 3(b). 
Histograms of current were compared 
with those obtained using boron-doped, 
diamond-coated tips on OLED devices 
with gold/aluminum cathodes. As 
evident in Figure 4(a) and 4(b),27 no 
additional variations are introduced 
though the use of Ag cathodes, although 
slight reduction in device performance 
was expected due to the differences 
in cathodes and AFM tips. A fitted 
Gaussian distribution is also included in 
the figures. The values are normalized 
to the mean, and the standard deviation 
is 0.1564. The true mean and standard 
deviation are 1.3616nA and 0.2129nA, 
respectively. This stage of the experiment 
demonstrated that the switch from 
gold/aluminum cathodes to silver ones 
was successful and the misalignment 

problem was solved. In addition, the 
Ti/Pt tips proved to be a good substitute 
to boron-doped, diamond-coated tips. 

Bridge Characterization
AC sweeps were done for a range of 
frequencies between 100 Hz and 30 
kHz, and the current and phase data 
were collected for several capacitance and 
resistance configurations. One set of data 
is included in Figure 5. The slope of the 
C-f was less than 10-5 pF, whereas the 
variation in resistance over the frequency 
range was only 60Ω, assuring that the 
variations in capacitance and resistance 
were small enough to be negligible in our 
measurements.

BE-NIM
To evaluate the effectiveness of this 
technique, several batches of 8 µm by  
8 µm OLED devices were imaged under 
a driving AC signal of 0.15 VRMS having 
a frequency of 4 kHz, at a scanning rate 
of 0.75 Hz with a contact force of 20 
nN and a DC bias of 0 V. At zero DC 
bias, the OLED devices are expected 
to behave like a simple capacitor, where 
the two plates of the capacitor would be 
the ITO anode and the silver cathode, 
and the NPB and Alq layers would act 
as the dielectric materials. Therefore, 
the current would be one quarter of a 
period behind of the voltage, or -90° 
out of phase with the driving signal.28 
The recorded current magnitude and 
phase maps are shown in Figure 6(a) 
and 6(b). It can be clearly seen that 
the improved technique was able to 
capture the elevated current flow on the 
OLED devices as well as the phase shift 
as expected of a capacitor. In addition, 
validity of these measurements can be 
confirmed quantitatively by compar-
ing the current magnitude obtained 
experimentally with the theoretical 
value. According to elementary circuit 
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Figure 7(a): Current flow through a 1 MΩ resistor 
as a function of frequency detected with a DL  
1212 current preamplifier at a gain setting of 106 
and applied ac bias of 0.15V for frequencies from 
500 Hz to 50 kHz. 

theory, the magnitude of current 
flow through a simple capacitor, |I|, is 
given by |I| = 2π�fCV, where C is the 
capacitance, f is the frequency, and V 
is the magnitude of the AC bias. The 
theoretical value of capacitance can be 
calculated using C = εε0A/d, where ε ≈ 
3.5 is the dielectric constant of the NPB 
and Alq layers, ε0 is the permittivity of 
free space, A is the area of each individual 
OLED device, and d is the combined 
thickness of the NPB and Alq layers. 
Using these equations, the theoretical 
capacitance is approximately 36 fF and 
the current is approximately 1.3595 
x 10-10 ARMS,whereas the mean of the 
measured current was 5.58 x 10-11 ARMS, 
giving a measured capacitance value 
of 14.8 fF. The experimental data and 
theoretical value matched within an 
order of magnitude. The deviation of the 

measured current magnitude from the 
theoretical value could be attributed to 
several causes, such as nonuniformities in 
device performance as suggested by the 
bell-shaped DC characteristics, device 
degradation in ambient conditions, and 
tip resistance. Moreover, a small overhead 
of the signal above zero when tuning 
the bridge to null the fringe capacitance 
could also reduce the strength of the 
current recorded. Good agreement is 
also seen for the phase shift detected on 
the OLED devices, which has a mean of 
-78.8°. In addition to the possible causes 
of error listed above, the internal phase 
shift of the current preamplifiers may 
have also skewed the experimental data. 

To provide a visual comparison of spatial 
resolution, maps obtained using the 
standard non-BE-NIM technique are 
also included in Figure 6(c) and 6(d). 

It can be seen that the images obtained 
with the standard NIM technique 
show minimal contrast in current and 
phase between the device and the ITO 
background. The fringe capacitance, 
which acted in parallel with the device 
capacitance, clearly added to the magnitude 
and phase shift of the current flow and was 
the dominant contribution, as evident by 
the approximately 4nARMS magnitude 
and -75°�phase shift. The value of fringe 
capacitance is calculated to be approxi-
mately 1.1pF with the following equation:

where I is the magnitude of current, V is 
the driving voltage, f  is the frequency, 
and θ is the phase shift.
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Figure 7(b): Phase shift of the current flow 
through a 1 MΩ resistor detected with a DL 1212 
current preamplifier at a gain setting of 106  
and an applied ac bias of 0.15V for frequencies 
from 500 Hz to 50 kHz. 

The improvement of BE-NIM over the 
standard NIM technique can also be 
evaluated quantitatively. It was previ-
ously stated29 that in NIM, if the ratio of 
Isample/Ifringe > 200, the phase contribu-
tion of the sample will be correctly 
reflected in the measurement. However, 
if Isample/Ifringe < 100, the contribution of 
the fringe capacitance becomes dominant 
and corrupts the phase signal. In our 
case, Isample/Ifringe is approximately 0.01, 
indicating at least a 4 order of magnitude 
improvement in the detection limit of 
NIM. 

Figure 7(a) and 7(b) demonstrate the 
nonideal behavior of the current pream-
plifiers. Both the magnitude and phase 
shift of the current flow detected with 
the current preamplifiers show signifi-
cant variations, which are not expected 
from a pure resistor. In addition, Figure 

8 shows a Cole-Cole plot of the fringe 
impedance for frequencies from 5 kHz to 
50 kHz. This plot suggests that the fringe 
capacitance is not constant throughout 
the frequencies and that there may 
be other elements in the system with 
frequency-dependent capacitance and 
resistance. With the current equipment 
limitations and the nonideal behavior of 
both the fringe capacitance and current 
preamplifiers, variable frequency sweeps 
are not possible at this time. Therefore 
more investigation of these two elements 
is necessary. Mathematical modeling may 
be used to unveil the hidden frequency-
dependent elements, which could lead to 
the construction of a more sophisticated 
bridge circuit than a simple series RC one 
and enable variable frequency measure-
ments without user intervention.

Conclusions

This work demonstrates the use of a series 
RC circuit in the cancellation of fringe 
capacitance during NIM measurements. 
Although the application of a bridge 
circuit has been reported elsewhere to 
serve similar purposes,29 this was the 
first time the technique was used on 
operational OLEDs. At a fixed bias and 
frequency, this technique was capable of 
greatly improving the spatial resolution 
of current and phase mapping. 

Moreover, the BE-NIM technique can 
be considered a promising candidate for 
impedance spectroscopy at the nanoscale. 
Ideally, frequency sweeps on the OLED 
devices would provide useful information 
on the variation of the internal electric 
field in the devices with frequency. 
However, it is found that there are other 
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Figure 8: Cole-Cole plot of fringe impedance for 
frequencies from 5 kHz to 50 kHz.  

frequency-dependent factors in the 
apparatus that prevent us from obtaining 
accurate results from impedance studies 
at a range of frequencies. In conclusion, 
although the BE-NIM technique is cur-
rently limited to measurements at a single 
bias and frequency, it has true potential 
for future impedance characterization of 
organic light-emitting diodes at various 
frequencies.
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