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Abstract 

Frequency domain characterization has long served as an important method for the 

examination of diverse kinetic processes that occur in solar cells. In this study, we have 

investigated the dynamic response of high-efficiency perovskite solar cells utilizing ultralow 

intensity-modulated photocurrent spectroscopy (IMPS). Distinctive IMPS attributes were 

only detected as a result of this low-intensity modulation, and their evolution under light and 

voltage bias was investigated in detail. We generally observed only two arcs in the Q-plane 

plots and attributed the smaller, low-frequency arc to trap-dominated charge transport in 

the device. Light and voltage bias dependent measurements confirm this attribution. An 

equivalent circuit model was used to better understand the features and trends of these 

measurements and validate our physical interpretation of the results. Additionally, we 

tracked the IMPS response of one of the cells over time and show that a slow degradation 

impacts the size and attributes of the low frequency arc. Finally, we find that changes in the 

IMPS response correlate closely with the current vs voltage characteristics of the devices.  
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Perovskite solar cells (PSCs) have demonstrated impressive power conversion efficiencies (PCEs) 

of more than 26% through device optimization and interfacial passivation strategies.1–3 These 

advancements could soon make PSCs a viable replacement for the more labor- and energy-

intensive silicon or gallium arsenide photovoltaic (PV) technologies. Despite their rapid progress 

in efficiency enhancement, these solar cells remain far from large-scale commercialization due to 

their stability issues. Lack of stability under normal operating conditions in extended usage periods 

has been of particular concern within the PV community.4,5 One effective and essential approach 

to improving stability is to encapsulate the device. While encapsulation serves to mitigate the 

detrimental effects of external factors such as oxygen, moisture, and ultraviolet light, intrinsic 

issues such as ion migration and carrier recombination at the interfaces and bulk of the perovskite 

material remain a challenge.  

The perovskite electronic structure is interconnected by relatively weak interactions such as ionic 

bonds, hydrogen bonds, and van der Waals forces compared to strong covalent bonds in c-Si.6 

Consequently, even modest stressors can stimulate various types of defects.7 For example, the 

migration and accumulation of ions at interfaces can result in nonradiative charge carrier 

recombination losses in PSCs. In addition to mobile ionic species, trap-mediated nonradiative 

recombination also constitutes a significant loss mechanism in these devices.8 In spite of these 

findings, several studies have also shown that ion migration may exhibit self-passivating attributes 

and facilitate strain relaxation.9,10 It has been observed that while ion migration is an important 

and naturally-occurring phenomenon, its action can be hindered by factors such as low ion mobility 

or a low number of mobile species.9 Thus, a comprehensive investigation of charge transport 

pathways utilizing dynamic experimental techniques11 such as time-resolved photoluminescence, 

transient photocurrent and photovoltage, thermal admittance spectroscopy, impedance 

spectroscopy, and intensity modulated photocurrent spectroscopy (IMPS) to detect and analyze 

these kinetics within PSCs is of paramount significance. In IMPS, the ac photogenerated current 

amplitude and phase are measured in response to excitation by a low-intensity, modulated 

illumination source over a range of frequencies. Time-dependent processes that affect the 

movement of photocarriers within the device structure show up as features in the frequency-

dependent plots of the amplitude or phase of the current. Investigating these features can be a 

valuable approach to characterizing the processes that link the electrical and optical responses of 

the device.12–14 

In recent years, efforts have been made to better quantify IMPS measurements through an 

important parameter called the IMPS transfer function.12,15 The transfer function (Q), derived 

directly from IMPS measurements, establishes the complex-plane, ac photocurrent response of a 

solar cell normalized by the incident photon flux, with the x-axis representing the real component 

of Q, labeled as Q, and the y-axis representing the imaginary component of Q, labeled as Q, and 

usually plotted as -Q. The Nyquist-style Q-Q IMPS plots contain all the frequency-domain 

information that is captured in the photocurrent amplitude and phase measurements, normalized 

by the intensity of the excitation light source and expressed as a unitless quantum efficiency 

equivalent quantity (i.e., electrons per photon) with a theoretical maximum value of unity along 

each axis. Therefore, Q-plane plots present a very compact and powerful tool to detect any type of 

anomalies or interesting features in the photo-response of a fully processed solar cell. Furthermore, 

Q plots can be modeled by an equivalent circuit model (ECM), thereby facilitating the 

understanding of some of the underlying physical processes. The ECM contains different electrical 
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parameters, including capacitances and resistances, whose coupling is associated with different 

characteristic processes.  

Multiple investigations have harnessed frequency-dependent techniques to probe PSCs, revealing 

different attributes associated with the processes.16–19 For instance, the low-frequency limit of the 

IMPS transfer function correlates with the differential external quantum efficiency (EQE) of the 

solar cell.17 This limit can be obtained by finding the low-frequency intercept at the Q-axis, which 

reveals valuable information about the steady-state photocurrent generation by the device. There 

are also a variety of other low-frequency IMPS features that are generally understood to originate 

from ion-mediated capacitive effects. Furthermore, a variety of intermediate and high-frequency 

features have been reported in PSCs, corresponding to various interfacial and bulk recombination 

or trapping phenomena.18–20 However, there are still significant disagreements in the literature on 

what IMPS features reveal about carrier dynamics and recombination losses in these devices. 

Furthermore, additional studies are needed to understand whether long-term degradation of PSCs 

can be tracked by changes in the IMPS transfer function.  

In the present study, we have investigated the Q-plane features of an efficient and relatively air-

stable PSC (PCE:  21 %) utilizing the IMPS technique and modeled the findings with the help of 

a recently proposed ECM. This simple model and other extensions of it sufficiently captures the 

various features of the IMPS plots and allows us to compare how internal resistance and 

capacitance elements change with light and voltage bias for both fresh and aged cells. In other 

recent studies, a diffusion-recombination model has also been proposed and used to analyze the 

IMPS spectra especially for extracting charge carrier diffusion parameters.21,22 However, for this 

comparative study, we focus on the ECM and explanation of the changes from the circuit elements’ 

perspective.23 The device was fabricated following a reported method24 with a structure shown in 

Fig. 1a. The measurement results reported here were typical of all the solar cells fabricated using 

the described procedure outlined in the Supplemental Information and the measurement results are 

consistently reproducible with additional detail in the Supplemental. To accentuate several 

interesting characteristics of the IMPS measurements, we utilized an ultralow-intensity modulation 

source and additional sources of steady-state light bias (LB) and forward voltage bias (VB) to 

examine the effect of added carriers on the features of the measured IMPS transfer function. After 

an initial set of measurements on fresh cells, we tracked the changes in the Q-plane plots over a 

period of about 8 weeks, as the cells’ performance was allowed to slowly degrade in the ambient 

room environment (in the presence of room light and at a relatively constant temperature of 24 °C).  

Figure 1b shows the typical current density-voltage (J-V) forward and reverse sweep 

characteristics of fresh and aged cells under the standard reporting condition, i.e., air mass 1.5 

global (AM1.5G) at 1000 W m-2 and 25 °C, with the J-V curve parameters shown in the 

Supplemental Information. Clearly, a slow degradation mechanism impacts the electrical 

performance parameters of freshly prepared cells over time, with the biggest change occurring in 

the fill factor (FF).  We will show later that changes in the IMPS features during this period are 

consistent with J-V curve parameter changes, and, hence, this technique provides a promising 

avenue for the effective monitoring of PSC degradation dynamics.  
 

This study makes use of a modified version of the ECM proposed by Ravishankar et al.,12 as shown 

in Figure 1c. Broadly speaking, two frequency domains are used in our model. The low frequency 

(LF) domain generally spans from 1 Hz to 1 kHz, and the high frequency (HF) regime is usually 
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associated with frequencies greater than 1 kHz. The equivalent circuit model incorporates an HF 

resistance (RHF), sometimes known as the recombination resistance, in parallel with the branch 

RLF-CLF, where RLF and CLF denote an LF resistance and capacitance, respectively. 

 

 
Figure 1 (a) Solar cell device structure (silver (Ag)/bathocuproin (BCP)/C60/perovskite (Cs0.05 Rb0.05 MA0.05 FA0.85 

PbI22.85 Br0.15)/2-(3,6-Dimethoxycarbazol-9-yl)ethylphosphonic acid (MeO-2PACz)/FTO/Glass), (b) J-V curves for 

fresh and aged cells, (c) equivalent circuit model used to analyze the results in this work, and (d) an example Q-plane 

plot of the IMPS transfer function based on the ECM in (c).  

This RLF-CLF branch is mainly responsible for the smaller arc feature in the upper quadrant 

observed in the Q-plane plot, as shown in Figure 1d. These elements are shunted by a high-

frequency capacitance, also known as the geometric capacitance (Cg). Lastly, a large arc at high 

frequencies is formed and is mostly due to the coupling strength between the series resistance (Rs), 

the RHF, and the Cg. Based on the equivalent circuit model as shown in Figure 1c, the IMPS transfer 

function Q can be derived as: 

 𝑄 = (1 +
𝑅𝑠

𝑅𝐻𝐹
+ ⅈ𝜔𝑅𝑆Cg +

1
𝑅𝐿𝐹
𝑅𝑠

+
1

ⅈ𝜔𝑅𝑠𝐶𝐿𝐹

)−1   (1) 

where  = 2f is the angular frequency and i is the imaginary unit. The derivation of Eq. 1 is shown 

in the Supplemental Information, section S2. This model for the transfer function predicts one 

smaller LF arc and one larger HF arc both in the upper quadrant. The Q intercepts of the Q 

function, as marked in Figure 1d, are also interesting quantities to take note of:   

HF intercept = (1 + 𝑅𝑠 [
1

𝑅𝐻𝐹
+

1

𝑅𝐿𝐹
])−1  (2a) 
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LF intercept = (1 +
𝑅𝑠 

𝑅𝐻𝐹
)−1 (2b) 

Since these intercepts shift along the Q axis depending on various device stressors (i.e., bias light, 

voltage bias, etc.), monitoring the intercepts can quickly provide insights into how these stressors 

are affecting the carrier dynamics within the cell stack.  

We note that the original ECM proposed by Ravishankar et. al. contains an additional resistance 

and capacitance parallel branch in series with RHF. This additional branch leads to another low 

frequency arc in the lower Q-Q quadrant and has traditionally been associated with ionic-

electronic charging at the interfaces. This arc has also been related to artifacts of measuring 

instruments.25,26 Although this third low frequency arc has been reported in most previous PSC 

IMPS studies, we do not observe it in our high efficiency solar cells and will therefore only use 

the modified, double-arc ECM to interpret our measurement results. We speculate that high 

efficiency PSCs do not suffer from slower ionic species that impede charge transfer through 

interfaces and have been associated with the 3rd low frequency arc often reported in low efficiency 

solar cells.12,16,25  

Figure 2 illustrates a set of IMPS measurements with an ultralow intensity modulated 532 nm 

sinusoidal excitation (EAC = 0.0043 mW cm-2 root mean square (RMS) intensity for all data 

reported in this work, see Supplemental Information Section S1.4), and IMPS measurements that 

add a series of progressively larger steady-state light biases (from a 632 nm LED), for a fresh cell 

and after 8 weeks. Here, we show both the Q- and -Q- frequency Bode plots and the 

corresponding Q-Q plots to provide a complete picture. Focusing first on the EDC = 0 mWcm-2 

(no LB) data from the fresh cell (Figure 2a-c), the 3 IMPS plots exhibit a small, low frequency 

feature that tends to diminish under the influence of light bias.  

Nevertheless, over a span of 8 weeks, this feature becomes progressively more pronounced such 

that a greater amount of LB is needed to suppress it, as shown in Figure 2d-f. In Figure 2(a & d), 

Q, which in the →0 limit corresponds to the differential EQE of the cell, shows one small ‘step-

down’ feature at 200 Hz and another large one at 1 MHz, corresponding to two local maxima 

in the -Q- plot (Fig. 2(b & e)). These two distinct features correspond to one small and one large 

arc in the Q-plane plot in Fig. 2 (c & f), although the larger arc requires frequencies higher than 1 

MHz to be fully mapped. Both arcs are situated within the upper quadrant.  

In most previous IMPS studies12,27 in PSCs, a low-frequency arc in the lower quadrant (+Q, +Q) 

is also reported, but such an arc is absent in our devices, as mentioned previously, indicating that 

ion-mediated capacitive effects are not noticeably present in these high-efficiency devices, at least 

down to a frequency of 1 Hz that we have used to study the IMPS response in these cells. Focusing 

on the black symbols corresponding to a measurement with no added LB, the two visible arcs are 

indicative of two different relaxation times for charge carriers that are transported through the 

device stack.28 24 

With the addition of a remarkably small amount of LB (EDC = 0.017 mW/cm2), we immediately 

observe a reduction in the Q step size in the low-frequency region. With the fresh cell, additional 

LBs have minimal further impact on the step size, but as the cell degrades over time, progressively 

larger amounts of LBs are required to reduce and flatten out the step. For example, the 8-week old 

cell reaches the LB saturation point at an intensity of 0.078 mW/cm2.  In the Q-Q plot, whether 

fresh or aged, the LF intercept shifts to the left (lower Q), and the size (defined as the width of the 
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arc that is given by the distance of its intercepts on the Q axis) of the arc is reduced substantially 

until it reaches a saturation point and does not change with more light bias. 

 

Figure 2 (a) Real part of the IMPS signal (Q transfer function) as a function of the angular frequency  for several 

dc light bias intensities in a fresh cell. (b) Imaginary part of the IMPS signal (Q) vs.  (fresh cell) and (c) the Q-Q 

plot for the LB intensities shown (fresh cell). The symbols represent the experimental data and the solid lines are the 

best fits to the data based on the ECM model of Eq. 1. (d-f) IMPS response of the same cell after 8 weeks of aging. 

EAC =  0.0043 mW cm-2 for all measurements.  

At the same time, in the   200 Hz range, the -Q local maximum shifts to higher frequencies. 

Finally, the high-frequency region shows very little change with LB, and the large arc in the Q-
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plane plot remains at approximately the same magnitude. Figure S3 in the Supplemental 

Information shows the full high frequency arc. This high-frequency signal is attributed to the time-

delayed capacitive discharge of the geometrical capacitor formed by the whole perovskite device 

stack and the contacts,23,28,29 a process clearly unaffected by the addition of LB-induced charge 

carrier generation in the active layer.  

 

Figure 3 Extracted ECM parameters as a function of light intensity for the fresh and the aged cells: (a) low frequency 

capacitance, CLF, (b) low frequency resistance, RLF (c) and the high frequency resistance, RHF.  

For further insight into these results, all of the experimental IMPS features (from fresh devices and 

after 8 weeks of aging) were fitted to the ECM described above, and the best-fit parameters were 

extracted as shown in the Supplemental Information (Table S1 and Table S2). The evolution of 

CLF, RLF, and RHF as a function of light bias intensity for both the fresh and the aged cells is shown 

in Figure 3, while Cg and Rs are kept fixed. Here, we simultaneously fit all 3 plots of Q-, -Q-, 

Q-Q to the ECM model since the individual fitting of each one will not ensure a consistent and 

universal set of fit parameters. The IMPS responses characterized by the LF arcs are predominantly 

influenced by the interplay of CLF, RLF, and RHF.
12 For this LB IMPS series, the ECM shows that 

as LB intensity increases, CLF decreases, RLF increases, and RHF decreases by a similar amount. 

RHF, generally associated with bulk recombination resistance, is reduced under light bias due to 

increased recombination losses in the bulk,12 but soon reaches a steady state. This reduction in RHF 

is what causes the LF intercept to shift to the left in Figure 2 (c & f), and Eq. 2b also predicts this 

shift. However, the most interesting observation in Figure 2, i.e., the reduction in size of the LF 

arc in the Q-Q plot, comes from the decrease in CLF and the increase in RLF as LB intensity is 

increased. 

Various explanations have been put forth on the origin of the LF arc. Some works have speculated 

that the LF feature is the result of the accumulation of anions and electrons at the perovskite/HTL 

interface.12,19 However, others point to a multiple-trapping model of charge carriers within the 

device as being the most consistent with the intensity or wavelength dependence of the LF IMPS 

response.29,30 Previous current-voltage modeling work31 has shown that charge carrier trapping at 

grain boundaries and perovskite/transport layer interfaces can contribute to significant 

recombination losses in the cell. It is believed that electron trap states (mostly likely formed by 

halide vacancies) are positively charged when empty but become neutral when filled, and hence, 

their effect on carrier transport is weakened, corresponding to decreased CLF and increased RLF. 

Therefore, it is likely that with bias light, these traps are filled and become less active, causing the 
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LF arc to become smaller. The significant reduction of the CLF with LB and the increase in RLF 

suggest that the influence of that branch of the ECM on the device current is reduced, consistent 

with a general reduction on the influence of traps as LB is applied to the cell.  

 
Figure 4 Comparing (a) Q- plots, (b) Q- plots and (c) Q-plane plots of the fresh and the 8-week-old cell under 

no LB. The symbols represent the experimental data, and the solid lines are the best fits to the data based on the ECM 

model of Eq. 1. EAC =  0.0043 mW cm-2  and EDC = 0 mW cm-2  for all measurements. 

In addition to electronic charges, influence of ion migration in the frequency range from 10 Hz to 

103 Hz cannot be completely ignored. Based on simulation by Schiller et al.32, although most slow 

ions only respond to low frequency (<1 Hz) perturbation, some fast mobile ions (510-8 to 510-7 

cm2/Vs) can contribute to the capacitive response in this low frequency range. For perovskite solar 

cells, fast ions show an average diffusion coefficient of up to 10-6 cm2/Vs,33 which is sufficient to 

have an influence on the low frequency arc. Furthermore, some previous works suggest that the 

LB can enhance the ion migration.34,35 These migrating ions may heal the defect/trap states at the 

interfaces or the bulk, resulting in reduced recombination rates.36 Therefore, we speculate that a 

combination of mobile ions and free charge carriers are responsible for the trap filling effects we 

have observed in our measurements.  

It should be emphasized again that the small LF arc observed in these devices is only detected 

because of the use of a very small-amplitude excitation source. Changing the modulation 

amplitude to a higher value substantially reduces or eliminates the LF arc as shown in the 

Supplemental Information (Figure S4) and leaves only the HF arc. A higher modulation intensity 

is equivalent to applying light bias to the cell and as we have shown in this work, light bias 

passivates the impact of traps on charge transport. This finding contrasts with previous work17 

where excitation or light bias intensities well in excess of 1 mW cm-2 have been utilized. This 

finding indicates that these devices do not suffer from a large number of trap states, although 

determining the trap energy levels and concentration likely requires additional detection 

techniques such as deep level transient spectroscopy, which is beyond the scope of this work.   

We examine the fresh versus the 8-week degraded cell’s IMPS features more closely in Figure 4 

(a-c) by showing the pre- and post-degradation Q vs , -Q vs , and Q-Q plots together for 

the no LB case. Recently, degradation studies in PSCs have garnered a lot of attention 37–39. It 

can be clearly seen in Figure 4 that a slow degradation occurs over time, affecting the LF arc, 

with both the HF and the LF intercepts shifting to the left. However, the LF intercept shift is 

significantly smaller than the HF intercept shift, as seen in the Q-plane plots (Figure 4(c)). In the 
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ECM, the LF intercept is dictated by changes in the RHF, whereas the HF intercept is affected by 

changes to both the RHF and RLF elements. 

 

Figure 5 (a) Real part of the IMPS signal (Q transfer function) as a function of the angular frequency  for several 

dc voltage biases. (b) Imaginary part of the IMPS signal (Q) vs . (c) The Q-Q plot for the bias voltages shown. 

The symbols represent the experimental data, and the solid lines are the best fits to the data based on the ECM model 

of Eq. 1. The data is for the 8-week-old cell. EAC =  0.0043 mW cm-2  and EDC = 0 mW cm-2  for all measurements 

Therefore, the small shift in the LF intercept indicates that the bulk recombination resistance, RHF, 

has not reduced much over 8 weeks. However, RLF has been reduced more substantially over this 

timeframe, which causes a bigger shift in the HF intercept. Also, the decrease in the RLF is one 

reason the size of the LF arc has increased, corresponding to a larger step-down feature in the Q-

 plot and a larger local maximum in the Q- plot. Since we have associated the LF arc as a trap 

related feature, we can speculate that the density of these particular traps (whether interfacial or 

bulk is not clear) in the device increases over time.  

Furthermore, we believe that the large reduction in the RLF value of the aged cell is correlated with 

the significant reduction of the fill factor observed by measuring its J-V curve. Under the largest 

light bias, the RLF becomes the dominant resistor element in the ECM, and the larger its value, the 

more effective the cell becomes at preventing a current loss through the LF branch of the circuit 

during a J-V sweep. For the aged cell, this current blocking is not as effective, leading to a 

deterioration of the fill factor. A similar observation was reported previously among several 

perovskite cells exhibiting different J-V curve characteristics12. 

 

Table 1 ECM parameters obtained from fitting the 8-week-old cell IMPS data under different 

voltage biases 

Voltage bias 200 mV 500 mV 800 mV 

  C
LF 

 (F/cm2) 3.4  10
-4

 2.5  10
-4

 6.4  10
-5

 

   R
LF 

 (𝛀 cm2 ) 8.9 10.8 18.1 

R
HF 

 (𝛀 cm2 ) 12.8 9.9 8.2 

   C
g
 (F/cm2) 4.4  10

-7
 4.4  10

-7
 4.4  10

-7
 

   R
S
 (𝛀 cm2 ) 1.4 1.4 1.6 

 

Finally, a series of IMPS measurements were conducted under varying forward voltage biases, 

from 200 mV to 800 mV, as shown in Figure 5. The same two arcs were observed in the upper 

quadrant, with similar characteristics to the light bias case; i.e., the LF arc amplitude reduces with 
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applied V, and the LF intercept shifts to the left. Since applied voltage in the forward bias direction 

causes carrier injection into the cell from the contacts, it is likely that these extra carriers increase 

recombination in the bulk (reducing RHF) and help with filling some of the empty traps at either 

the interfaces or within the bulk grain boundaries (increasing RLF). Therefore, a similar shrinking 

of the LF arc that took place in the LB case is expected here. The ECM model of Figure 1 was fit 

to the voltage bias series, with the model calculations shown as solid lines in Figure 5. Table 1 

shows the best-fit parameters of the bias voltage series, and a pattern very similar to the LB series 

emerges here as well: the CLF capacitance decreases, and the RLF resistance increases as the voltage 

bias is increased, indicating a decrease in the role of the underlying traps on the transport of charge 

carriers across the device layers.  

In summary, ultralow intensity modulation with superimposed light bias, also in low intensity, and 

voltage bias, was used to extract the IMPS transfer function for a high-efficiency perovskite solar 

cell. A small light bias-dependent arc in the upper quadrant of the Q-plane is shown to be consistent 

with a trap-assisted capacitive discharge within the cell. This LF arc grows more pronounced over 

time when the cell slowly degrades in the lab environment, even when not under combined active 

environmental stressors. These IMPS features can be successfully reproduced with the utilization 

of a suitable ECM. The employment of this modeling framework facilitated the explanation of 

different kinetic processes within the device. Our work indicates that IMPS features, such as shifts 

in the LF and HF intercepts, along with the size of the observed Q-plane arcs can be useful in 

accessing the quality of freshly fabricated cells and also in monitoring the effect of degradation on 

trap or defect formation inside the solar cell structure. 
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