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ABSTRACT

We demonstrate a technique to quickly build and spatially map the frequency response of optoelectronic devices. The transfer function of a
linear system is the Fourier transform of its impulse response. Such an impulse response is obtained from transient photocurrent
measurements of devices such as photodetectors and solar cells. We introduce and apply Fourier transform impedance spectroscopy (FTIS)
to a PbS colloidal quantum dot SiC heterojunction photodiode and validate the results using intensity-modulated photocurrent spectroscopy.
Cutoff frequencies in the devices were as high as �10 kHz, showing their utility in advanced thin film and flexible electronics. The practical
frequencies for FTIS lie in the mHz–kHz range, ideal for composite materials such as quantum dot films that are dominated by interfacial
trap states. These can lead to characteristic lengths for charge collection �20–500lm dominated by transmission line effects, rather than
intrinsic diffusion and drift length scales, enabling extraction of interfacial capacitances and series/parallel resistances.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0046439

Rapid characterization of junction parameters and film properties
is crucial for optimizing optoelectronic devices. This is particularly rele-
vant to novel materials and thin film devices, such as colloidal quantum
dot (QD) photovoltaics and mixed-dimensional heterostructures,
where interfaces and structural imperfections can dominate.1–3 In this
regard, frequency domain and time domain characterization methods
are commonly employed to obtain information on defects,4 trapping,5

and recombination,6 making them valuable tools for such purposes.
Most commonly, impedance spectroscopy (IS) is an appealing nonde-
structive ensemble technique performed in the frequency domain. An
IS experiment is undertaken by applying a sinusoidal input voltage to
the sample and measuring the output sinusoidal current response as a
function of frequency. By modeling the device with equivalent circuit
elements, details on resistive and capacitive quantities, such as the series
resistance or charge transfer resistances of solar photovoltaics,7–9 can
be obtained. From quantities such as these, IS is used to optimize devi-
ces by studying these characteristics’ sensitivity to device parameters,
such as contact metals or chemical modifications to active layers.
Intensity-modulated photocurrent spectroscopy (IMPS) is a closely

related technique to IS that employs light-induced perturbations at
varying frequency to extract information on resistive and capacitive ele-
ments and charge transport processes within an optoelectronic device.

Despite the merits of these frequency domain methods, charac-
terizing composite materials holds challenges. For example, IS and
IMPS require small signals to be linearized with circuit elements, pre-
senting a trade-off in terms of signal level with accuracy. In addition,
for low dimensional materials, such as quantum dots (QDs), capacitive
elements manifesting from trap states10 and interfaces impart slow
device bandwidths11 and necessitate low frequency perturbations,
compounding the experimental run time. These challenges are also
encountered in scanning measurement techniques such as scanning
photoinduced impedance spectroscopy12 and scanning IMPS13 meth-
ods, where the appeal of establishing spatial correlation with localized
impedances are hindered by the time investment of multiple scans in
the low frequency regime.

Beyond the frequency domain methods of IS and IMPS, pure
time domain techniques, such as deep level transient spectroscopy
(DLTS)14,15 or current-deep level transient spectroscopy (i-DLTS),
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provide information on trap states, but they require temperature
dependent measurements, which are time-consuming and challenging.
Due to the trade-offs and time required for these techniques, exploring
alternative methods to characterize interfaces in a rapid manner is
useful.

Here, we introduce a method in the time domain to quickly build
the frequency response of a device by computing the Fourier trans-
form of a transient photocurrent.

In any linear, time invariant system16 (or any system that can be
linearized by operating at small signals16,17), the output response,
xout(t) to an input signal, xin(t) is characterized in the time domain by
the impulse response h(t), which is the output when the input is a
Dirac delta function, d(t). The output xout(t) is given by the convolu-
tion of xin(t) with h(t),

16

xout tð Þ ¼
ðþ1

�1
xin t � sð Þh sð Þds: (1)

For a sinusoidal input, xin(t)¼ exp(jxt), the output can be written as

xout tð Þ ¼ exp jxtð Þ
ðþ1

�1
exp �jxsð Þh sð Þds; (2a)

xout tð Þ ¼ H xð Þxin tð Þ; (2b)

so that the system is represented in the frequency domain by the trans-
fer function H(x), which is shown to be the Fourier transform of the
broadband impulse response h(t), i.e.,

H xð Þ ¼ F h tð Þð Þ ¼
ðþ1

�1
exp �jxsð Þh sð Þds: (3)

In practice, it is difficult to generate an impulse input. Using the linear-
ity of the devices under study, we instead use the step response, s(t),
which is the output for a unit step input, u(t), provided by turning an
electrical or an optical source on (or off). Just as d(t) is the derivative
of u(t), the impulse response, h(t), is computed by

h tð Þ ¼ ds tð Þ
dt

: (4)

Once h(t) is obtained, the frequency response H(x) is directly known
via a numerical Fourier transform (Fig. 1). The frequency limits of this
measurement are determined by how quickly xout can be measured. If
the transient is sampled every Ts � 1ms (i.e., sampling frequency of
1 kHz), a high frequency Nyquist16 limit fmax¼ 1/2Ts � 500Hz is
obtained. The lower frequency limit, fmin, is determined by the
overall transient acquisition time. For an acquisition time Ta of 10 s
at Ts¼ 1ms, the total number of samples is Ta/Ts¼ 104, giving
fmin¼ fmax/(Ta/2Ts)¼ 0.1Hz, where the extra factor of 2 arises from
negative frequencies for real signals.16 A comparable measurement in
the frequency domain would require at least 10 cycles for each fre-
quency point, leading to >100 s for just the 0.1Hz point alone, under-
scoring the greater speed of Fourier transform impedance
spectroscopy (FTIS). This is because the pulse that generates s(t) is
broadband, i.e., contains a large range of frequencies by Fourier’s
therorem.16

These ranges are ideal for characterizing polymer and composite
materials with typical response times in the ms–min range.1,18,19 The
low frequency range is particularly tantalizing given the challenges in

generating stable waveform inputs at low frequencies and small ampli-
tudes16 using mechanical chopping, or digital modulation for photoex-
citation. In our measurements, typical photocurrent signal levels for
transient measurements lie in the nA–lA range, whereas higher fre-
quency measurements provide pA level currents,3 requiring sensitive
lock-in techniques.

The higher overall signal levels in the FTIS technique presents
another advantage. Fourier transforms have been used in infrared,20

Raman,21 and electrochemical impedance22 spectroscopies owing to
the same data acquisition speed and other advantages outlined here.
Fourier transform methods have also been applied to voltage and opti-
cal step function excitation of polymer solar cells,9 but is here combined
with localized excitation to isolate a single planar interface by probing
lateral signal propagation. We targeted QD/SiC photodiodes as a repre-
sentative test platform to apply this transient Fourier technique.
We have recently demonstrated that p-type PbS QDs can form an
IR-sensitive photodiode junction with an n-type single-crystal SiC sub-
strate. As shown in Fig. 2(a), our device includes epitaxial graphene
(EG) electrodes, grown on the substrate prior to QD deposition as an
effective Ohmic contact to the QD film. The EG forms a Schottky con-
tact to the SiC, such that current at reverse bias (and small forward
bias) is dominated by the QD/SiC junction. PbS QD/SiC junctions with
epitaxial graphene (EG) electrodes are formed upon deposition of the
QD layer. Previously, we showed that these devices exhibit photores-
ponses determined by the PbS QD’s effective bandgap, while the effec-
tive transport length is the transfer length (LT) of the QD/SiC
heterojunction, determined by transmission line effects rather than
diffusion/drift, from which we determined the shunt and sheet
resistances.23 Because LT extends to many micrometers at low fre-
quency, we are able to selectively excite the QD/SiC interface in spatially
resolved FTIS measurements. We demonstrate that, in this manner,
FTIS can be used to additionally obtain the junction capacitance. We
validate FTIS independently with IMPS, yielding cutoff frequencies in
the �10kHz regime. The bandwidth of EG/SiC heterostructures24,25

and QD detectors26 is such that spatially resolved FTIS offers a substan-
tial speed advantage in accomplishing the measurement.

PbS QDs with an effective bandgap of �927nm (�1.3 eV,
diameter �3nm) were synthesized as reported in Ref. 27. The QDs

FIG. 1. Graphic illustrating the application of Fourier theorem and the transforma-
tion to achieve the frequency response from (a) an impulse response and (b) a
step-up response.
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were then purified using gel permeation chromatography,23,28,29 arriv-
ing at an oleate surface ligand population of �110/QD as determined
by nuclear magnetic resonance (NMR) (Fig. S1). The diameter was
estimated from a sizing curve based on the lowest-energy excitonic
absorption peak.27 Using a nþ 4H-SiC substrate with an n-type epi-
layer, EG/n-SiC Schottky diodes were grown and then patterned by
photolithography. The state of the devices was characterized prior to
QD deposition (Fig. S2) by spot I–V measurements and scanning pho-
tocurrent microscopy (SPCM) at 444nm, with results consistent with
our previous report.23 A layer-by-layer spin coating process (three
cycles total, in a nitrogen-filled glovebox) was used to deposit a QD
film and accomplish ligand exchange with 1,2-ethanedithiol (EDT) to
form the QD/EG/SiC hybrid device structure. Atomic force micros-
copy was taken in the same manner as before. Spot I–Vs, FTIS, and
IMPS were acquired in the same manner as for the bare EG/SiC con-
trol.23 FTIS with spot illumination was undertaken as follows. Devices
were held under a constant bias with the 444nm diode laser modu-
lated by an external control signal (Toptica, <500ns rise as config-
ured) defocused to form a �25lm spot size through an objective lens
(20�, 0.42NA). Photocurrent was routed through a current preampli-
fier to a digital oscilloscope to record transients. For comparison,
IMPS spectra with spot illumination were obtained by routing photo-
current through a current preamplifier to a network analyzer.

For our measurement setup, the noise floor is given by the
measured25 noise spectral density of 10�24 A2/Hz, and the maximum
frequency of 10 kHz for these devices, giving a rms noise current
of �100 pA. Our measured responsivity for this device was �1.6
� 10�4 A/W at 444nm, which gives an optical noise equivalent power

(NEP) of 0.6lW. The power in the beam used for both measurements
was 0.2 mW, which is 300� the NEP, i.e., both FTIS and IMPS mea-
surements are not noise limited. We used 50% duty cycle for both
measurements. FTIS, IMPS, and spot I–Vs were conducted under the
same illumination conditions and locations under ambient conditions.
The impulse response was stable over multiple cycles: averaging of up
to 64 individual responses (�3 s total at 20Hz) was found to improve
signal to noise for FTIS, but did not qualitatively change the frequency
response.

Figure 3 shows static I–V curves of the QD/EG/SiC photodiodes
in the dark and under illumination at various distances from the edge
of the �250lm diameter EG electrode. The DC photocurrent
decreases away from the EG electrode edge. A traditional explanation
would attribute this decay to charge collection near the electrode.30

However, in our previous paper, we demonstrated that this was due to
transmission line effects instead.23 The characteristic length scale for a
transmission line is LT, which describes the transfer of electrical
current across an electrical interface. For a lumped element resistance–
conductance–capacitance (RGC) transmission line model [Fig. 2(b)],31,32

1=LT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rs

1
rsh

þ jxcsh

� �s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qQD
tQD

1
Rsh;QD=SiC

þ jxCsh;QD=SiC

� �s
;

(5)

where qQD is the 3D resistivity of the QD film, and tQD is the thickness
of the QD film. Shunting conductances denoted by G in the RGC
model are represented here by resistive elements per G¼ 1/R, with
Rsh,QD/SiC specifying the specific shunt resistance at the QD/SiC

FIG. 2. (a) Equivalent circuit diagram of
the QD/epitaxial graphene (EG)/SiC
hybrid device with the QD/SiC interface
outlined by the dashed box. Diode ele-
ments and associated photocurrents are
also indicated. (b) Transmission line
model for lateral photocurrent propagation
in the QD film, showing series impedan-
ces of the QD film and shunt impedances
and shunt capacitances for the QD/SiC
interface, per unit width, that determine
the frequency response at different distan-
ces from the EG contact as measured by
spatially resolved FTIS.
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interface (in X-cm2), and Csh,QD/SiC as the specific areal shunting
capacitance (in F-cm�2). At low frequencies, shunting capacitances
are open circuits, and only the resistances are needed to quantify LT as
in our prior work.23 At high frequencies, the capacitances short out
and dominate current flow through the QD/SiC junction, leading to
shorter LT. The cutoff angular frequency xc¼ (Rsh,QD/SiCCsh,QD/SiC)

�1,
at which the phase change is 22.5� for transmission lines, rather than
the 45� for a proper single pole response.16

In the low frequency regime, using tQD � 140 nm (Fig. S1), LT
� 270 lm from SPCM (Fig. S3) as defining the active device area,
and the total shunt resistance Rsh � 270 MX from I–V measure-
ments [Fig. 3(a)] of the QD/EG/SiC device, we obtain a Rsh,QD/SiC

� 1.2 MX-cm2, larger than the 260 kX-cm2 obtained in our previ-
ous work. The extracted qQD of �22 kX-cm was comparable to our
previous report with larger PbS QDs (4.5 nm diameter).23

The comparable qQD, but �5� larger Rsh,QD/SiC. suggests the for-
mation of a cleaner QD/SiC interface. The ligand exchange conditions
could have facilitated this. A systematic study by Kirmani33 indicated
optimal conditions for solid-state exchanged PbS QD (3.2 nm size)
films with EDT included ligand solution concentrations �0.01% v/v.
The ligand concentration here was lower (�0.4% v/v) than our previ-
ous work (1% v/v) with larger QDs.23 We speculate that implementing
a more optimal ligand exchange process and better infilling33,34 by
smaller QDs on the rough (�10nm rms) SiC35 surface facilitated the
formation of a superior QD/SiC junction.

Photocurrent transients at 20V reverse bias for each location
displayed in Fig. 3(b) show multi-exponential decays, as observed
previously.23 These decays increased distinctly in lifetime with distance
from the EG edge. Although variations in photocurrent decays have
been affiliated with localized defects in transient photocurrent map-
ping reports on organic photovoltaics,36 we do not attribute the
increase in decay times to such imperfections given the broadly
homogeneous decay of the SPCM signal (Fig. S3) from the EG edge.
We reason that the increase in photocurrent decay times with distance
indicated an increasing series resistance in the QD film (Fig. 2), consis-
tent with our past report. Contributions to the photoresponse from
absorption in the underlying SiC substrate were negligible: in bare EG/
SiC devices (Fig. S4), a low but nonzero photocurrent transient with
lifetime <0.1ms off the edge of the EG mesa region was observed,
contrasting with larger photocurrent and relatively longer lifetimes
(�2ms) observed in QD/EG/SiC hybrids.

The Fourier transform of photocurrent transients was used to
obtain corresponding frequency responses of the QD/SiC devices.
Figures 4(a) and S5 show the frequency dependence measured explic-
itly by IMPS (�90 s for each measurement), and that extracted from
FTIS (<3.5 s for each measurement) overlaid. The two methods have
excellent agreement both in magnitude and phase, showing the sim-
plicity, accuracy, and speed of FTIS over more complex traditional fre-
quency domain techniques. The frequency response of the bare EG/
SiC photodiode was consistent for both FTIS and IMPS (Fig. S6).
Notably, the f3dB bandwidth of both bare and QD/SiC photodiodes
was �10 kHz, comparable to other heterostructure optoelectronics
employing low dimensional materials.19,26

Spatial and frequency dependencies obtained by the two methods
are combined in Figs. 4(b) and 4(c). The LT for each frequency is the
distance that the signal decreases to 1=e, or a power loss of 1=e2 (i.e.,
20 � log10 eð Þ¼�8.7 dB) from the EG mesa edge.31,32 The trend is
shown in both IMPS and FTIS where low and high frequencies corre-
spond to resistive and capacitive dominated regimes, respectively.

Bias-dependent mapping of the QD/EG/SiC photodiode fre-
quency response was employed to characterize capacitive elements.
Figure 5 shows LT extracted from Figs. 4 and S7 plotted as a function
of frequency for three different QD/SiC photodiode biases, with over-
laid lines indicating fits from Eq. (5) to obtain the QD/SiC specific
junction capacitances. We infer a decrease in Csh,QD/SiC with increasing
reverse bias. We note that slower device transients with increasing
reverse bias (Fig. S8) were observed.

Although such behavior is atypical of photodiodes, we attribute
the observation to an increase in device area via LT (Figs. 5 and S7).
Given that Csh,QD/SiC decreases with increased reverse bias, it suggests
that the key capacitance is the geometric depletion capacitance arising
primarily from depletion in the n-SiC epitaxial layer. We do not see
excess capacitance from trapping effects in the PbS CQD film, indicat-
ing that ligand-exchange33,37 and packing density38 have been well
optimized. For the SiC geometrical capacitance (see supplementary
material), accounting for a bare surface barrier of �1 eV, comparable
to the EG/SiC barrier, we estimate

Csh;QD=SiC ¼ �SiC � �0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2��SiC � �0
q � Nd

1þ VRð Þ
r ; (6)

which produces a value slightly (<50%) larger than experimental
capacitance. The discrepancies may be due to (i) uncertainty in the

FIG. 3. (a) Static I–V curves with spot illu-
mination at 444 nm (�186 lW). Inset
shows the device schematic and general
spot illumination regions for I–Vs, FTIS,
and IMPS measurements. (b) Normalized
20 V reverse bias photocurrent transients
under the same spot illumination intensity
and locations. Inset shows transients on a
semilogarithmic scale.
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SiC epitaxial layer doping extracted by capacitance–voltage at 100 kHz
and/or (ii) the use of a one-dimensional approximation for the
QD/SiC transmission line, which may become inaccurate at distances
much greater than the device radius. Despite these uncertainties, the
TLM model enabled the conclusive identification of geometrical
capacitance as the limiting factor in the bandwidth of the CQD/EG/
SiC photodiode. This is consistent with the findings here and our pre-
vious results,23 where SPCM at frequencies (�77–113Hz) well below
the cutoff �10 kHz (Fig. 4) enabled us to safely treat the capacitances
in the TLM as open circuits.

Key device features of the QD/EG/SiC hybrid studied here sug-
gest the formation of a cleaner interface between the assembled QD
film and underlying crystalline SiC layer than in our previous work.
Response (fall) times for this device were less than �2ms, over an
order of magnitude faster. However, lower responsivities were
observed, suggesting lower trap assisted photoconductive gain at the
heterojunction.11,18,39,40 Finally, the fivefold larger Rsh,QD/SiC than pre-
viously23 signifies a superior interface with reduced shunting conduc-
tance from traps.39,41 Ultimately, these results highlight the
importance of nanocrystal preparation (e.g., purification,28,42 film

assembly33) for combining solution processed materials with single
crystal substrates39,40 to form clean heterojunctions. This is particu-
larly attractive for wide bandgap (WBG) platforms, where dual func-
tionality of the WBG material as an optical window and photoactive
layer could be used in fast devices compatible with multiple wave-
lengths. Given notable advances in micropatterning43–45 and inkjet
printing46 for solution processed materials, monolithic photonics with
pixel densities rapidly optimized by LT through FTIS to balance sensi-
tivity and bandwidth can be envisioned.

The proof of concept scanning FTIS technique presented here
demonstrates that rapid spatial mapping of composite interfaces is pos-
sible. The method may be used for the extraction of characteristic
lengths and interfacial properties, making it particularly advantageous
as a rapid diagnostic method tomerge speed, accuracy, and spatial regis-
try vs conventional time domain techniques. In the present case, a
smaller area Ohmic contact (EG) is used to extract current from a larger
area QD/SiC rectifying junction. FTIS revealed the SiC geometric capac-
itance at the QD/SiC heterojunction to be the primary limiting factor of
the device bandwidth. This was achieved without evaporation of a top
contact, typically an architectural necessity in planar QD systems. Using
small PbS QDs, we find that our QD/SiC interface is superior to the one
in our previous report, possibly due to favorable post-synthetic purifica-
tion28,42 and/or ligand exchange.33 These findings underscore the ability
to form clean junctions to single crystals with chemically prepared QDs.
We anticipate that FTIS is applicable to other complex interfaces,
including scalable solar cells and photodetectors with stripe contacts
that diminish the need for transparent conductors, making it valuable
beyond the platform studied here.

See the supplementary material for estimation of capacitance,
UV-vis and 1H NMR spectroscopy of PbS QDs prior to film deposi-
tion, AFM analysis of QD film, SPCM images of EG/SiC and QD/EG/
SiC devices, and Figs. S1–S8.
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(�), and 5 V (�) reverse bias conditions in a QD/EG/SiC hybrid device.
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