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Abstract

We present a nonlinear impedance spectroscopy technique and demonstrate its ability to directly measure nonlinear processes
including electron-hole recombination and space charge effects in organic-semiconductor-based diodes and MIS capacitors. The
method is based on Fourier analysis of the measured higher harmonic current response to an AC voltage signal. Characterization
of the higher harmonic response allows nonlinear impedance spectroscopy to measure material and device properties over a wide
range of frequencies, which would otherwise be impossible using conventional impedance spectroscopy. As the higher harmonic
signals are purely a product of nonlinear processes, they are independent of the linear device capacitance and resistance. This
allows space charge and recombination effects to be investigated at several orders of magnitude higher frequency without fitting to
an equivalent circuit model.

1. Introduction Some circuit elements may change as a function of Vpc. For
example, the low frequency resistance of a diode is expected to

Impedance spectroscopy is a widely used characterization e proportional to the negative exponential of Vpc, according to
technique for electrochemical and solid-state devices including e Shockley diode equation. This creates an inherent problem
batteries, fuel-cells, LEDs, and solar cells.[1, 2, 3, 4, 5] The g6 jmpedance spectroscopy of devices: a sourced harmonic
method sources a harmonic wave AC voltage and measures the voltage wave V(w, ) will not result in a pure harmonic cur-
amplitude and phase of the resulting harmonic current wave. rent wave I(w, 1), and the definition of impedance becomes only
Using Euler’s formula to define the voltage and current waves a first-order approximation in nonlinear systems. The com-
in complex exponential form, the impedance (Z) is defined as on method to solve this problem is to use a small-signal V,
the ratio of the voltage to the current. which minimizes the impact of the higher-order signal result-
) ing from the nonlinearities. However, many of the interest-

V(w, 1) = Vy cos(wt) + Vpc ) . ) : . .
ing processes in semiconductor devices are nonlinear in nature,

I(w, 1) = I cos(wt — @) + Inc 2) including trapping, space-charge-limited current (SCLC), and
recombination.[7, 8, 9] Therefore, a direct measurement of the

- Viw,1) — &( cos(¢) + i sin(¢)) 3) nonlinear processes may be preferable for such devices.
lw,t) I Such analysis will require measurement and characteriza-

tion of the full Fourier spectrum of the resulting current wave-
form. We refer the reader to a thorough introduction to the topic
by W. Lai[10], but will present a summary of the important
points here. A nonlinear response to an applied pure harmonic
voltage wave will produce a periodic current signal of the form:

Where V| and [ are the respective amplitudes, w is the fre-
quency, ¢ is the relative phase difference, and Vpc and Ipc are
the DC offset voltage and current.

Measuring the impedance spectrum by varying the frequency
(w) of the sourced voltage wave over several orders of magni-

tude allows the behavior of an unknown device to be compared a S
to an equivalent circuit model.[4] Typically, these equivalent l(w, 1) = > + Z a, cos(nwt) + b, sin(nwt)
circuit models will consist of common circuit elements includ- n=1
ing resistors, capacitors, and inductors. Models may also in- 27w
clude more exotic circuit elements such as constant phase el- a, = d f I(w, 1) cos(nwr) dt @)
ements and Warburg impedances, which are often associated d Y
with diffusion limited, double-layer, or corrosion processes.[6] 2w
by=2 | Kw, 1) sinGr) di
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Alternatively, this Fourier expansion can be expressed as:

Hw,t) = % + Z_;An cos(nwt + ¢,,)
"~ Q)
a, = A, cos(¢y)

bn =-A, Sin(¢n)

(Note: The impedance analyzer used in this work measures
|A,| for all frequencies and ¢, for frequencies lower than 1500
Hzifn>1.)

The measured current waveform could be expressed in the
Taylor series expansion about the point (Vpc, Ipc):

(V(w, 1) = Vpo)" (6)

o 1 d'l
lw,t)=Ipc+ ) —
; n! dV'\y,.

By combining the expressions in Eq. 5 and Eq. 6, the
Fourier coefficients A, can be expressed in terms of the deriva-
tives of the functional relation between current and voltage.
These Fourier coefficients take slightly different forms for the
even and odd terms:

Z dzml V2m (7)
fe n22’” 1(m—n)‘(m+n)' dvam|, 0
© 1 d2m+ll

ng+ 1 (8)

Aopy1 =
el ; 22m(m = n)\(m + n + 1)! dV2mH |y,
Analogous to the definition of impedance Z and admittance
Y, Y = 1/Z, we define higher-order admittances Y, such that:
a1
dvn

lin}) Y, (w) = 9

By substituting Y, in place of ((11V{’
Y,(w) from the measured A,,(w).

If the functional relation is purely linear, then all higher-
order derivatives beyond
spectroscopy analysis is perfectly valid. In many semiconduc-
tor devices with a nonlinear functional relation, the derivatives
of higher order (m) contain relevant information as to the na-
ture of the involved physical processes which produce non-
negligible signal A,,, and in the lower order values of A, so long
as n and m are both either even or odd and n < m. Thin-film or-
ganic electronic devices are known to show diode behavior with
an exponential dependence of the current on the voltage, transi-
tioning to SCLC with a quadratic dependence at higher forward
bias.[11] These two phenomena should be distinguishable as
the exponential recombination limited current should produce
predictably-spaced A,, and the transition to SCLC should cause
A, — Oforalln > 2. Form > 3, c‘liv,’,, should be zero under the
quadratic SCLC behavior.

In this work, we demonstrate that these phenomena may be
directly characterized over a wide frequency range by sourc-
ing larger amplitude V) and measuring the resulting current at
all relevant harmonic frequencies. Nonlinear impedance spec-
troscopy (NLIS) is used to investigate charge transport and re-
combination in both organic planar heterojunction (PH) diodes

in Eq. 7 & 8, we can calculate

v 20 to zero and traditional impedance

and metal-insulator-semiconductor (MIS) capacitors. The schemat-

ics for these two devices are shown in Fig. 1a). The PH diode
consists of Al (100 nm), Cgg (15 nm), copper phthalocyanine
(CuPC) (100 nm), molybdenum trioxode (MoOj3) (7nm), and
Ag (100 nm). The MIS capacitor is identical in structure, ex-
cept that the 15 nm Cgg layer is replaced by 15 nm of anodized
aluminum oxide (AlO,). All device layers are kept as similar
as possible to ensure that the hole injection and transport in the
CuPC is similar in the two devices, but electron-hole recombi-
nation can only occur in the PH diode.

NLIS has been used previously to explore several nonlinear
processes, with slight variations in the measurement and anal-
ysis procedures. Demonstrated applications of NLIS include
nonlinear dielectric spectroscopy[12], characterization of fuel
cells[13], field grading insulators[14], diode operation at low

frequency[10], interfacial reactions and degradation processes.[15]
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Figure 1: a) Schematic of the device architecture for the planar heterojunction
diode and the MIS capacitor. b) DC Current-Voltage curves for the two devices.
¢) Capacitance-Voltage characteristics of the MIS capacitor from 1 Hz to 500
kHz.



2. Experimental Details

2.1. Materials and Characterization

Copper phthalocyanine and Cg( were purchased from Fluka
and Aldrich, respectively, and used as received. Glass slides
were cut to size and cleaned by sequential ultrasonic bath in
water with Equinox detergent, deionized water, acetone, and
isopropanol, followed by a 5 min 50 W oxygen plasma clean-
ing. 100 nm of Al was evaporated onto the glass. The evapo-
rated Al films were anodized in bath of 13.8 mM citric acid in
18 MQ deionized water, with 99.6 mM sodium citrate buffer. A
Keithley 2401 Source Measurement Unit was set to source 0.27
mA/cmz, for a 3 mm x 20 mm electrode area. The negative
electrode was attached to a stainless-steel plate parallel to the
Al coated glass, and the positive electrode was attached to the
Al. Care was taken that the Al was nearly parallel to the counter
electrode. The aluminum was anodized at 5V, 10 V, 125V
and 15 V to create a power vs. AlO, thickness curve, and the
resulting thickness was calculated by evaporating a silver top
electrode, generating a capacitor of area 0.0138 cm?, and mea-
suring the resulting capacitance with a Novocontrol Alpha-AT
frequency response analyzer. We assumed a dielectric constant
for AlO, of 9.34[16] (reported values vary from 7.45 to 14.6
[17, 18]), and used the parallel-plate capacitance to extract a
thickness vs. voltage relationship of 1.5 nm/V plus 1.8 nm na-
tive oxide.

2.2. Device Fabrication and Measurements

PH diode structures were created by evaporating Al (100
nm), Cgo (15 nm), copper phthalocyanine (100 nm), MoOs3 (7
nm), and Ag (100 nm) onto a cleaned glass substrate. Metal-
Insulator-Semiconductor (MIS) structures were created by evap-
orating Al (100 nm) anodized by the procedure described above
to form 15 nm of AlO,, then evaporating copper phthalocyanine
(100 nm), MoO3 (7 nm), and Ag (100 nm). The PH structure
was not exposed to air during fabrication. All completed de-
vices were encapsulated between glass slides using UV curable
epoxy purchased from Ossila. DC current-voltage response was
measured with a Keithley 2401 SMU. Nonlinear impedance
analysis was conducted using a Novocontrol Alpha-AT frequency
response analyzer. The DC bias was applied to the Ag top elec-
trode, with respect to the Al kept at 0 V. C-V measurements on
the MIS capacitors were performed assuming a parallel capac-
itor/resistor circuit. Measured parallel resistance exceeded 10
TQ, and serial resistance was below 2 Q. The detection limit for
the frequency response analyzer was determined by measuring
the higher harmonic NLIS spectrum of a circuit composed of a
series resistor with a parallel resistor and capacitor, and defin-
ing the magnitude of the measured second harmonic signal of
the purely linear system to be the detection limit. Values of the
resistors and capacitors were chosen to be close to the PH diode
under 0.5 V forward bias when fitting to the equivalent circuit.

3. Results and Discussion

3.1. Impedance Spectroscopy
The organic PH diodes and the MIS capacitors were first
subjected to conventional DC current-voltage and linear imp-

edance spectroscopy analysis. The I-V curves of the devices
are shown in Fig. 1b). The PH diode shows two orders of mag-
nitude rectification between +1.5 V. There is a small, but non-
negligible leakage current indicating either a shunt resistance
or low-level electron injection and transport in reverse bias. A
distinct diode turn-on region is seen around 0.5 V forward bias,
where the current is exponentially proportional to the voltage
and is presumably recombination limited. At further forward
bias, we see a roll-off commonly associated with the onset of
SCLC. These behaviors are highly typical for an organic PH
diode.[11, 19, 20]

The I-V curve of the MIS capacitor shows only a small ca-
pacitive current due to the voltage sweep, indicating a qual-
ity insulating layer blocking DC current in the device. The
standard characterization technique for an MIS capacitor is the
capacitance-voltage (C-V) measurement. As seen in Fig. 1c),
our MIS capacitor shows typical C-V behavior with the capaci-
tance increasing several fold under forward bias, where injected
holes can transport through the CuPC and populate the AlOy
interface.[21] This interface is only 15 nm from the underlying
Al cathode compared to 115 nm distance between the Al and
Ag metal parallel plates. The transition to higher capacitance
occurs between 10° and 10* Hz, depending on the applied DC
bias.
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Figure 2: Magnitude of real and imaginary impedance spectra for the a) PH
diode and b) MIS capacitor under varying forward DC bias. Impedance spectra
were measured using 100 mV ;s AC amplitude and conventional linear analy-
sis.

Conventional impedance spectroscopy measures the real and
imaginary components of Z as defined in Eq. 3, with ¢; and
|Z| = |Vy/Ai]. As mentioned above, any nonlinearities produce
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Figure 3: NLIS of the MIS Capacitor under 0 V and 1.5 V bias and 100 mV,n,s AC amplitude. a) and b) show the measured
Fourier Coefficients |A,|. The gray area represents the estimated detection limit of the frequency response analyzer. ¢) and d)

show the calculated |Y;| and |Y>|.

small deviations with increasing Vj, but the spectra are largely
independent of the amplitude. Fig. 2a) shows the impedance
spectrum for the PH diode. The real component shows an ex-
pected decreasing impedance at low frequency with increasing
forward bias, the signature characteristic of a diode. At high
frequencies, the parallel-plate geometry of the thin-film diode
results in a capacitive impedance signature. The plot of the
imaginary component shows [Im(Z)|, while the sign of Im(Z)
is negative due to the capacitive behavior of the device. How-
ever, at forward bias greater than 1 V, the imaginary component
shows an asymptote in the log-log plot, where Im(Z) goes to
zero and becomes positive at low frequencies. Positive imagi-
nary impedance is indicative of inductive behavior, which typ-
ically dominates at high frequencies. Therefore, these low fre-
quency inductive signals (“inductive loop” in the Nyquist plot)
are a source of much debate in the literature.[22, 23, 24, 25]
Working with a simple equivalent circuit model of a capacitor
in parallel with a resistor, with or without a series resistor, al-
lows the device capacitance to be calculated as C = Im(Y; /w).
A purely linear analysis in this manner can lead to the conclu-
sion that the low frequency capacitance is negative.[25, 26, 27,
28, 29, 30, 31] Many observations of such behavior have been
attributed to nonlinear phenomena. The impact of nonlinear
processes in conventional impedance spectroscopy arises from
the n = 0, m = 1 term of Eq. 8. By including the first nonlinear
correction, the measured A; becomes:

1
Ay =Y|V0+§Y3VS+O(V8) (10)

These nonlinear corrections should be small if V) is also
small. However, because Y3 may be several orders of magni-
tude larger than Y, the corrections should not be considered as
negligible.

The impedance spectrum for the MIS capacitor is shown
in Fig. 2b), and we see no evidence of nonlinearities. The
impedance appears as would be expected for an MIS capaci-
tor. For a capacitor, Z = 1/iwC, so we see that the log-log
plot shows a negative linear dependence with log(|Im(Z)|) =
—log(w) + log(1/C). Under forward bias, the transition to a
higher C upon carrier injection into the CuPC preserves the
slope of -1, but the vertical offset changes.

This conventional impedance spectroscopy analysis reveals
consistent behavior for both types of devices explored here.
However, it reveals only indirect evidence or no evidence what-
soever of nonlinear processes. Therefore we will focus our dis-
cussion on the NLIS analysis described above.

3.2. NLIS of MIS Capacitors

In the MIS capacitor, there are functionally two different
operation states. Under reverse or O bias, there is little to no
injection of holes into the CuPC, and therefore the device be-
haves primarily as a parallel plate capacitor. Under forward
bias, holes are injected into and transported through the CuPC
to the AlO, interface. With the insulating AlO, preventing
electron-hole recombination, any nonlinear processes that may
occur in the MIS capacitor will be related to injection into and
transport through the CuPC. As conventional impedance analy-
sis provides no measurable indication of nonlinear processes in
the MIS capacitor, we turn to NLIS and measure the first four
Fourier coefficients. We measured at DC bias spanning +1.5
V in 100 mV steps, using AC amplitude V) ranging from 6.25
to 200 mV s by multiples of 2. The effect of AC amplitude
variation will be discussed below. We restrict the discussion
here to the 100 mV,,,; amplitude, as this produces strong signal
without sampling an overly-large voltage range.
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Figure 4: NLIS of the PH Diode under 0.5 V and 1.5 V bias and 100 mV,p,s AC amplitude. a) and b) show the measured
Fourier Coefficients |A,|. The gray area represents the estimated detection limit of the frequency response analyzer. ¢) and d)
show the calculated |Y,| at frequency ranges where the corresponding |A,| are significantly within the measurable range.

To explore the nonlinearities in the MIS capacitor in the ab-
sence and presence of hole injection, we present an NLIS anal-
ysis at 0 V and 1.5 V bias. The measured Fourier coefficients
from n = 1 to n = 4 are shown in Fig. 3a) and b). When
no external bias is applied, we see that the higher-order coef-
ficients are largely at or below the instrument detection limit.
The exception being A,, which appears non-negligible for low
frequency, and possibly right at the edge of the detection limit
for frequencies above 1 kHz. While we do not expect a signif-
icant injection current at O V bias, the AC sampling range of
100 mV ¢ may result in asymmetric behavior, resulting in the
detected A,. We use Eq. 7, 8, and 9 to calculate Y; and Y, from
the measured A; and A,, which are plotted in Fig. 3c). While Y;
shows the capacitive behavior, we do not see significant mean-
ingful information in Y,. At high frequency (> 10® Hz) and at
0 V bias, the calculated Y, appears to represent the detection
limit for this system. At lower frequency (< 10° Hz), Y, is
potentially indicative of a small injection current, in agreement
with the small variation of low-frequency capacitance around 0O
V in Fig. 1c).

Under high forward bias, the higher-order signal becomes
significantly more pronounced. In Fig. 3b), it is clear that the
measured Aj is several orders of magnitude above the detection
limit for frequencies below roughly 5 x 10* Hz at 1.5 V bias.
Az and A4 are also measured above the detection limit in the
range from 10% to 10* Hz, likely due to the change in A,. Be-
cause of the limited frequency range, and comparatively weak
signal, we do not calculate Y3 and Y. However, when we com-
pare Y; and Y5 in Fig. 3d), we notice a distinct contrast to the
0 V bias signal in Fig. 3c). The hole injection into the CuPC
produces the characteristic vertical offset in the linear slope of
Y1, as discussed above with respect to the impedance spectrum.
The NLIS technique reveals that the hole injection and transport

through the CuPC are not ohmic. Below 103 Hz, we see a clear
Y, signal, where Y3 and Y, are below the detection limit. This is
indicative of a nonlinear hole transport process with quadratic
behavior. Because a similar quadratic signal is observed un-
der high forward bias in the PH diodes discussed below, we
suggest that this signal could be due to space-charge limiting
distribution of the holes in the bulk of the CuPC. These SCLC
processes are of order 2, and would give no contribution to the
A| measured in conventional impedance spectroscopy, accord-
ing to Eq. 8.

3.3. NLIS of Planar Heterojunction Diodes

The PH diodes used in this work were designed to be identi-
cal to the MIS capacitors, except that electron transport through
the C¢ will enable electron-hole recombination at the Cgo/CuPC
interface. The Cg layer is significantly thinner than the CuPC
layer, so transport limited current should primarily reflect trans-
port through the CuPC. Transport-limiting processes are ex-
pected to dominate at higher forward bias. The measured A,
for the PH diode under 0.5 V and 1.5 V forward bias are shown
in Fig. 4a) and b). These two bias points were chosen to rep-
resent the recombination-limited and transport-limited current
regimes observed in the I-V curve of Fig. 1b).

Under moderate forward bias, where the current is limited
by electron-hole recombination, the PH diode should behave
according to the Shockley diode equation:

1(V) = Is(e™ — 1) (11)

where Iy is the saturation current and nkgT is the product of
the diode ideality factor and the thermal voltage. We will re-
fer to the diode ideality factor strictly in terms of the product
nkgT to avoid confusion with the index n used throughout this



manuscript. The NLIS spectrum of the PH diode at 0.5 V bias
in Fig. 4a) clearly shows significant A, signal up through the
4% harmonic. This allows for calculation of ¥, for n = 1 to 4,
which are shown in Fig. 4c), at frequencies where the corre-
sponding A, is significantly above the detection limit. At low
frequency, these represent the sequential derivatives of the (V)
function, and they display even spacing as would be expected
from the factor of 1/nkgT that would separate each exponential
function from its derivative. This further allows us to take the
ratios Y,/ Y,+1 and VY,/Y,2 to calculate nkgT. These calcu-
lations are shown in Fig. 5. We see a diode ideality factor of
roughly 3, which is higher than one would expect for a p-n or
p-i-n diode, but is not uncommon in devices where recombina-
tion occurs at a heterojunction interface.[32] The time or fre-
quency bandwidth for measuring recombination dynamics us-
ing Y is clearly limited by the RC time constant associated with
the parallel-plate nature of the thin film device. However, NLIS
allows for comparing the higher-order admittances to charac-
terize electron-hole recombination at one or two orders of mag-
nitude higher frequencies than would be otherwise possible.
At higher forward bias, current in the PH diode is limited
by the transport of holes through the bulk of the CuPC. In this
SCLC condition, the current obeys the Mott-Gurney square law
commonly observed in organic semiconductors[8, 9]:

9 (V = Vii)?
I(V) = gE/JhAT

where € is the dielectric constant of the organic semiconductor,
A is the area of the diode, Vy; is the built-in potential, and yy,
is the hole mobility. In our planar heterojunction diodes, we do
not consider the electron transport through the thin Cg layer
to be limiting because the layer is over six times thinner and
the mobility is known to be three or four orders of magnitude
higher than CuPC.[33, 34] NLIS of the PH diode at 1.5 V shown
in Fig. 4b) reveals that the Fourier coefficients A3z and A4 are
near or below the detection limit while a strong, second-order
nonlinearity remains. The calculated Y; and Y, are shown in
Fig. 4d). In this situation, only space-charge effects related to
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Figure 5: The diode ideality factor, nkg T, calculated from the ratios of sequen-
tial admittances Y,,/Y,+1, and VY>2/Y4 of the PH diode at 0.5 V bias and 100
mVys AC amplitude. Y; provides limited information at high frequency due
to the RC time constant of the parallel plate device. Higher-order Y,, are only
sensitive to nonlinear processes like recombination, allowing the ideality factor
to be measured at 2 orders of magnitude higher frequency.
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Figure 6: Hole mobility in CuPC estimated by relating the second derivative
of the Mott-Gurney law to Y> of the PH diode at 1.5 V bias, measured with 100
mVyms AC amplitude.

bulk transport of holes through the CuPC will produce a second
order nonlinear signal. The SCLC mobility can be measured at
a given DC bias independent of the RC time constant by com-
paring Y, to the second derivative of Eq. 12 and solving for p,.
The relative dielectric constant for CuPC was extracted from
the reverse bias dielectric regime[35] of the C-V curve in Fig.
1b using a stacked-dielectric model. The calculated value of
€ = 13.1 is as expected for CuPC.[36] The hole mobility cal-
culated by NLIS is plotted in Fig. 6, with u;, ~ 2.4 x 107
cm?/Vs in good agreement with literature values CuPC hole
mobility measured by SCLC.[34] Further investigation is re-
quired to test if the high-frequency structure is related to current
injection transient phenomena.[9]

3.4. Effects of Varying AC Amplitude

As discussed previously, the common method for measur-
ing impedance spectra of nonlinear systems is to reduce the
driving amplitude V), sampling only a local voltage regime. Itis
worthwhile to explore what happens to the NLIS measurement
when Vj is reduced to a small signal. It should be noted that
the Fourier coefficients, which are the values measured by any
impedance analyzer, do indeed depend on V. This is clearly
seen in Eq. 7 & 8. However, the admittance Y, should be in-
dependent of the sampling amplitude. We measured the NLIS
spectra of both the MIS capacitor and the PH diode through our
full DC bias range using Vj ranging from 6.25 mV,ps to 200
mV,y,s by multiples of 2.

The calculated Y,, for the PH diode at 0.5 V forward bias
are shown in Fig. 7. Our measured Y, are largely independent
of Vy. However, we do see that the higher-order admittances
are influenced heavily by the instrument detection limit. When
the A, signal approaches the detection limit, the correspond-
ing Y, signal becomes noisy. Once A, falls below the detec-
tion limit, the calculated Y, begins to drift significantly as Vj
becomes small. This noise and signal drift due to instrument
sensitivity are dependent on the measurement frequency. The
higher-order Fourier coefficients are inherently harder to detect
as the V] factor makes them small. As an example, the noise
that appears as Az approaches the detection limit is visible in
Fig. 7c) with Vy = 25 mV . Smaller V) causes the calculated
Y3 to drift significantly from the high amplitude values. Note



that the Y3 VS correction term in A; may still very well be in-
fluencing the signal when A3 is below the instrument detection
limit. This is due to a combination of instrument sensitivity at
w vs. 3w, and the fact that the pre-factor is 3 times larger, 1/8
compared to 1/24.

4. Conclusions

We present an impedance spectroscopy analysis of nonlin-
ear processes in organic electronic devices using Fourier anal-
ysis of the measured response at higher harmonic frequencies.
This NLIS technique is shown to be capable of resolving non-
linear phenomena over a wide frequency range, with the upper
limit of roughly 10° Hz, and the lower limit determined by the
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Figure 7: a) |Y1], b) |Y2|, ¢) |Y3[, and d) |Y4| for the PH diode at 0.5 V DC bias,
with AC amplitude ranging from 6.25 to 200 mV,ps. Variations of |Y,| as a
function of V| are indicative of the instrument detection limit.

patience of the operator and the durability of the device under
test to withstand prolonged operation. NLIS provides several
advantages over conventional impedance analysis for exploring
such nonlinear processes. The inherent advantage is that it does
not assume linear response for the analysis. Perhaps the biggest
experimental benefit of NLIS is that purely resistive and capac-
itive processes do not contribute to the A, Fourier coefficients
for n > 2, allowing direct characterization of nonlinear pro-
cesses at frequencies where RC time constants may otherwise
preclude measurement.

Comparing the signal magnitude of the higher harmonic
Fourier coefficients allows for clear determination of the na-
ture of the nonlinear process. Recombination limited current
in the PH diode produced higher-order admittances that were
proportional to each other, and the constant of proportionality
was used to determine the diode ideality factor over a wide fre-
quency range. Space charge effects in the bulk of the CuPC
were found to produce quadratic dependence of the current on
voltage in both PH diodes and MIS capacitors, allowing the
determination of the hole mobility. In contrast to the conven-
tional approach for impedance spectroscopy, NLIS allows for
direct characterization of nonlinear processes in the frequency
domain.
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