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Abstract

:

The determination of the power conversion efficiency of solar cells based on organo-metal-halides is subject to an ongoing debate. As solar cell devices may exhibit very slow transient response, current-voltage scans in different directions may not be congruent, which is an effect often referred to as hysteresis. We here discuss time-resolved current-voltage measurements as a means to evaluate appropriate delay times (voltage settling times) to be used in current-voltage measurements of solar cells. Furthermore, this method allows the analysis of transient current response to extract time constants that can be used to compare characteristic differences between devices of varying architecture types, selective contacts and changes in devices due to storage or degradation conditions.
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1. Introduction


The reported device efficiencies of solar cells based on the organo-metal-halide methylammonium lead iodide have increased at an unprecedented pace during the past three years. Impressive performance improvements have been achieved in different device architectures [1,2,3,4] by refinement of the deposition methods of the organo-metal-halide perovskite (OMHP) absorber [4,5,6,7,8] and optimization of selective contact layers [9,10,11]. Determining the steady state power conversion efficiency of solar cell devices based on these novel absorber materials reliably has been to be non-trivial [12,13,14,15].



When the voltage applied across these devices is abruptly changed, the current through the device is often slow to respond, i.e., the corresponding change in current lags behind the change in voltage. These transients in the response can occur on different time scales and often manifest themselves as discrepancies between the forward and reverse current-voltage scans of solar cells, an embodiment which the community commonly refers to as “hysteresis” [12,13,16,17,18,19]. If not taken into account, this “hysteretic” behavior can result in significant over- or underestimation of the solar cell’s power conversion efficiency. The absence of hysteresis, i.e., a negligible discrepancy between current-voltage curves when the devices are scanned in the forward and reverse directions, does not guarantee that measurements have been performed correctly. Congruency between forward and reverse scans has been shown both for very short delay times and very long delay times during the current-voltage scan. The delay time or voltage settling time refers to the time delay after a voltage step before the current is sampled [12]. This has caused debate about how to determine the power conversion efficiencies of solar cell device based on organo-metal-halide materials reliably. Slow transient effects in the current-voltage response of solar cell devices are not unique to OMHP-based devices and have also been observed for dye-sensitized solar cells [20]. Recommended measuring protocols have been outlined elsewhere [12,13,21].



Meanwhile, several phenomenological observations on the occurrence or absence of “hysteresis” are important indications of underlying physical phenomena that cause these transient effects. Planar hetero-junction thin film devices are often found to exhibit a more severe hysteresis compared to devices based on meso-porous titanium dioxide [12]. In the latter, thicker meso-porous TiO2 layers were shown to further reduce hysteresis [19]. In samples with an insulating Al2O3 network, on the other hand, severe hysteresis is observed [16,22]. In planar hetero-junction devices, a larger average crystallite size of the organo-metal-halide domains [19], as well as the choice of selective contacts [23,24,25,26,27,28,29] were found to reduce or eliminate hysteresis all together and yield a stable high power conversion efficiency. Often, the only criteria that is analyzed is the presence or absence of “hysteresis”, i.e., the congruency between IV-scans in different scan directions, at one single delay time. This is however not sufficient, as OMHP based devices can sometimes be measured “hysteresis-free” or “hysteresis-less” in different time domains, i.e., at different delay times [12]. Devices exhibiting no hysteresis at room temperature conditions may exhibit hysteresis at lower temperature, when processes causing transients slow down [14]. This illustrates, that transient phenomena need to be thoroughly investigated and commented on when stating device performance metrics derived from current-voltage measurements.



The physical origin of the hysteresis in perovskite solar cells is currently under investigation. Research is ongoing to understand the role of charge carrier accumulation in trap states causing chemical capacitive effects [16,30,31,32], the possibility of a ferroelectric polarizability due to re-orientation of methylammonia cations within the crystal cage [32,33,34,35,36,37,38,39,40], and ion migration causing a change in electric field distribution within the active layer and self-doping effects [22,41,42,43]. While capacitive effects due to the trapping and de-trapping of charge carriers are found to occur [30,44], the magnitude of the transient current and voltage response is too large to be caused by chemical capacitive effects alone [12,30]. Various recent contributions have illuminated, that the extraction of photogenerated charge carriers seems indeed more efficient after devices are poled/polarized [13,22,30] at forward bias, for which the more generic term: temporary enhanced by bias (TEBBed) has been suggested [30]. Migration of ionic species has been proven to occur in methylammonium-lead-iodide (MAPI) and related materials, whereof halide vacancies are the most likely to form and migrate [22,43,45,46,47,48]. The intrinsic defect density and chemistry is critically influenced by the materials deposition and processing conditions [49,50,51,52,53]. Experimental evidence corroborates that the re-distribution of charged defects under an applied electric field causes a change in the internal potential gradient, resulting in a temporary p-i-n or p-n homo-junction in the MAPI layer that explains the temporarily enhanced charge carrier extraction efficiency [22,30,42,52].



The observed transients in the current-voltage response are very likely related to temporal and bias-dependent changes in the distribution of charged defects in the absorber layer. Systematic methods to quantify and distinguish between transient effects are needed to further our understanding of the electronic and chemical processes in solar cell devices based on OMHPs. One metric used to quantify the difference between the forward and reverse IV-scan is the hysteresis index, i.e., the difference in the current generated at 80% of the VOC between the reverse and forward scan direction divided by the current measured at this voltage in the reverse scan direction [19]. However, this metric is not well-defined since the “hysteresis index” is typically highly dependent on the voltage scan rate: for example negligible discrepancy between the forward and reverse scan direction can often be obtained at both extremely short (ms) and very long (>1 s) delay times while pronounced “hysteresis” is observed at intermediate times [12]. One of the most reliable ways to compare device performance is tracking their steady-state power conversion efficiency over time [12,16].



Time-resolved staircase voltammetry measurements are a valuable mean to monitor the current response during a voltage step (Figure 1) and from this evaluate appropriate delay times for current-voltage measurements to ensure that measurements are carried out under steady-state conditions [12]. This profile of consecutive applied potentials can also be referred to as a (linear) staircase sweep [53] and is commonly employed to evade the contribution of capacitive charging events when analyzing electrochemical systems. We, herein, highlight the unique picture and insight into a solar cell’s dynamic response that can be gained by continuously recording the current through the cell during a voltage staircase sweep, that we will be referring to as I,V(t)-measurements. This method is in contrast to the typical I(V)-measurement that only records one value of current for each step in voltage. I,V(t) measurements are particularly useful to quantify “memory” or “hysteresis” effects in solar cells based on OMHPs and allow the determination of the minimum delay time to reach steady-state during a regular I(V)-measurements as visualized in Figure 1. Since the current is being continuously recorded, we can in principle derive the resulting I(V)-curve for any delay time through data processing. Furthermore, the time constants of the current transients in each segment can be extracted and compared as a function of voltage. Additionally, integrated currents in each voltage segment can be compared to evaluate changes in the internal electric field of the devices caused by light-soaking and/or applied potentials (TEBBing [31]).



To perform the measurements described herein, we wrote a measurement routine to control a Keithley 2400 sourcemeter in the Python programming language [54]. A MATLAB script was used to extract and analyze the I,V(t)-data generated [55]. Both scripts are freely available on the web. We hope this code will be useful to other researchers in the community and we welcome additions and improvements to it.




2. Experimental Section


The device data shown herein was acquired on solution-processed thin film solar cell devices prepared and tested within the scope of our previous report and devices were fabricated as described therein [12] In short, the n-type selective contact was a titanium dioxide layer, prepared by spray-pyrolysis deposition of a diluted solution of Titanium-di(isopropoxid)-bis(acetylacetonate) (Aldrich) onto a fluorine-doped tin oxide glass substrate (Pilkington, TEC15). Methylammonium-lead-iodide (MAPbI3) was deposited from a solution containing three equivalents of the methylammonium iodide (MAI) and lead chloride (PbCl2) precursors, with MAPbI3 being formed upon sublimation of methylammonium chloride (MACl) during annealing at 100 °C for 45 min [56]. The p-type contact was established by spin-coating a solution of spiro-OMeTAD, the oxidized analogue spiro(TFSI)2 and the additives lithium-trifluoro and tBP [57]. A gold back contact of 0.2 cm−2 was deposited by thermal evaporation. For measurements, solar cells were masked with an aperture of 0.12 cm−2 defining the active area. Prior and between measurements, samples were stored in a dry, dark environment. The effect of conditions prior to the measurements will be discussed in the Results and Discussion section.



Current response during staircase voltage sweeps, I,V(t) measurements, were measured under simulated AM1.5 solar irradiation from a solar simulator (Newport). The device area was defined by using a shadow mask with an area similar in size to the active area of the evaporated metal contact. In a typical measurement, the voltage across the cell was stepped from short-circuit to a forward bias of at least 1.1 V (forward scan), or from forward bias to 0 V (reverse scan) in 50 mV increments with a 15 s dwell time during each step and a current and voltage measurement sampling rate of about 140 Hz. In each voltage segment, both for current and voltage, roughly 2100 values are hence recorded. The ultimate output of this measurement contains three data columns: time, voltage and current. Figure 1 shows the I(t) and V(t) (staircase profile) on a shared time axis. Data analysis was carried out with a MATLAB script that allowed us to plot the resulting I(V) curve as a function of delay time (Figure 2d). Furthermore, the current response in each constant voltage segment can be analyzed by fitting to a characteristic equation (using a Non-linear Least Squares method). For the data analysis performed herein, a bi-exponential was found to fit the transient current data reasonably well, although some other equation may well be more appropriate to describe the underlying physical processes causing the transients. Integration of the transient current response allowed us to visualize at which applied potentials the transient response causes the largest discrepancy with respect to the steady state response of the solar cell device.




3. Results and Discussion


3.1. Time-Resolved Current-Voltage-Measurements


Figure 1 shows typical output data from the I,V(t) measurement. This particular scan was a reverse scan (from forward bias to 0 V) performed in voltage steps of 50 mV and with a dwell time of 15 s after each step. The I,V(t) measurement provides a unique picture of the solar cell’s dynamic operating characteristics since it captures the transient decays or rises in current in response to the step changes in voltage. These dynamics are not captured by conventional I(V) measurements. The I(V) plot can be derived by averaging the current over a defined sampling time ts after waiting a defined delay time td (Figure 1, inset A) after each voltage step. The delay gives the current time to settle to a constant value, which avoids distortion of the resulting I(V) data due to capacitive charging or discharging currents. Delay times td typically on the order of 10 seconds are required to avoid distortions of the IV-curve due to transient effects commonly observed in perovskite devices.





[image: Photonics 02 01101 g001 1024] 





Figure 1. Transient current-density (left axis) response as a function of time (x-axis) in response to a staircase voltage sweep (right axis) from 1.1 V to 0 V (reverse scan direction). The current density exhibits visible overshoots followed by a slow decay in each voltage segment. Inset (A) highlights that both the delay time td and sampling time ts influence the current recorded during a regular I(V) measurement. Inset (B) illustrates the possibility to analyze each individual voltage segment to extract characteristic time constants, (τ1 and τ2), pre-exponential factors (A1 and A2), the steady state current (Jss) and integrated current density yielding the effective displacement charge density (Qeff). 
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Familiar I(V) characterization curves can be recreated from the I(V,t) dataset analytically by choosing td, and ts, as illustrated in Figure 1, inset (A). The impact of both td and ts on the resulting I(V) curve can then be evaluated. While seemingly more time consuming and complicated than a simple I(V) sweep, one should consider the wealth of information collected in a single I,V(t) measurement. We found this procedure indeed to be less time consuming than trying to find an optimal scan rate by iteratively increasing the delay time in a regular I(V) measurements until negligible discrepancy between forward and reverse scan direction was reached. Importantly, the I,V(t) measurement gives a clear indication of the time scale and magnitude of transient effects in the solar cell devices.



The data shown here illustrates that for this particular thin film solar cell device based on methylammonium-lead-iodide with an n-selective titania and a p-selective spiro-MeOTAD contact, the response of the photocurrent to a change in applied potential is very slow and a td > 5 s should be employed. A shorter td would have resulted in a substantially higher photocurrent, especially around the maximum power point, for the device scanned in the reverse scan direction.



In Figure 2, we compare the I,V(t) measurements of the same devices in the reverse (a, equal to Figure 1) and forward (b) scan direction. The forward scan exhibits the opposite transient response compared to the reverse scan exhibiting an immediate drop and subsequent exponential rise in the photocurrent in each voltage segment. In Figure 2c, the two measurements were combined into one graph by reversing the time-axis for the reverse scan. We chose to discuss this example as it illustrates, that the steady state current densities, Jss, are not superimposed between 0.4 V and 0.8 V for the reverse and forward scan with the forward scan exhibiting slightly higher values for Jss. While this may be considered a negative example it highlights an important phenomena: The I(V)-characteristics of OMHP based solar cells depend on their measurement history and may change during the measurement.
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Figure 2. I,V(t) scan in the reverse scan direction (a) exhibits an over-shoot followed by a transient decay while in the forward scan direction (b) the photocurrent drops followed by an exponential increase during each potential step. The overlay of both data set in (c) was created by reversing the time axis for the forward scan. Plot (d) shows the resulting I(V) curves derived from the I,V(t) plots (a–c) using either the steady-state current density, Jss, or the current density at negligible delay time J(td = 0) for the current density. 






Figure 2. I,V(t) scan in the reverse scan direction (a) exhibits an over-shoot followed by a transient decay while in the forward scan direction (b) the photocurrent drops followed by an exponential increase during each potential step. The overlay of both data set in (c) was created by reversing the time axis for the forward scan. Plot (d) shows the resulting I(V) curves derived from the I,V(t) plots (a–c) using either the steady-state current density, Jss, or the current density at negligible delay time J(td = 0) for the current density.



[image: Photonics 02 01101 g002]





Figure 2d shows I(V) curves generated from the the I,V(t) data both for the the forward and reverse scans shown in plots a and b. The circles correspond to the first measurement point at td = 0 and ts = 0 while the lines represent the resulting steady-state current density Jss by fitting the current transients to Equation (1). Apparently, the steady state current density Jss does not converge for the forward and reverse scan with the forward scan leading to larger values of Jss compared to the reverse scan. Metrics for the power conversion efficiency may hence vary greatly depending on the measurement conditions, in this case from 6.7% to 8.5%.



To rationalize the higher steady state current density measured in the forward scan we would like to note that the forward scan was in this case performed immediately after the reverse scan. The results are evidently influenced by the measurement history of the device, which may be the result of ion redistribution or other effects leading to changes in the internal field distribution [22,30,42,52] causing differences in the charge carrier extraction efficiency. Additionally, the temperature of the device may have increased during the prolonged measurements under illumination, leading to a higher current density. This example demonstrates that true steady-state conditions are indeed very difficult to achieve and maintain in methylammonium-lead-iodide based solar cells. We found the staircase voltammetry measurements shown here to be instrumental in identifying both the fast, multi-time scale transient dynamics following each voltage segment as well as the slower, transients taking place over the course of minutes that are apparent in discrepancies between consecutive staircase sequence measurements. These results emphasize the importance of performing measurements rigorously, providing detailed information on the measurement routines employed, commenting on the measurement history of a device and, very importantly, also commenting on possible deviations from an ideal or consistent behavior as this may offer important indications on the long term stability of the devices.



In this context, we would also like to re-iterate the often ignored difference between the scan rate and the delay time when specifying the experimental conditions used for I(V) measurements. The scan rate of any I(V) measurement is defined by the voltage step size and dwell time in each voltage step. For the measurement shown in Figure 1 the scan rate is hence 3.33 mV/s (50 mV/15 s), independently of which td is used. We therefore recommend stating the delay time and step size rather than scan rate when specifying experimental I(V) measurement conditions. Another remark: there is no optimal or default delay time appropriate for measuring all solar cells. For solar cells based on OMHPs in particular, the minimum td to measure devices under quasi-steady-state conditions is strongly architecture and device dependent and should be re-evaluated every time. In this regard, the I,V(t) measurement is both a means to determine the minimum td and also capture and analyze the devices transient response, which may provide insight into differences between device types, effects of selective contacts, device polarization (TEBBing), light-soaking and degradation effects among other things.




3.2. Analysis of the Transient Response


As indicated in Figure 1, inset (B), the transient current response in each voltage segment can be analyzed further by fitting the experimental data. We found that a bi-exponential fit is fairly adequate to capture the device’s transient current response to a step change in voltage:


   J  ( t )  =  J  s s   +  A 1  exp  (  −   t −  t 0     τ 1     )  +  A 2  exp  (  −   t −  t 0     τ 2     )    



(1)







Here t0 is the time at the beginning of each voltage segment, Jss is the aforementioned steady-state current, τ1 and τ2 are the characteristic time constants, and A1 and A2 are exponential scaling factors. For the forward scan, the scaling factors A1 and A2 adopt negative signs as the equation describes an exponential rise rather than decay for the scan in forward direction (see Figure 2b). Note that while we’ve found empirically that a bi-exponential function fits the data quite well, other fit functions or combinations of fit functions may be more suitable to describe the underlying physical phenomena causing the transient current response. As discussed recently in the literature, ion migration is the likely cause for the observed transients as they affect the device polarization [43].



With the bi-exponential fit to fit our experimental data (1), we can extract two time constants that we refer to as τfast and τslow, which we attribute to two distinct physical processes with obvious differences in rate. In Figure 3, we compare the time constant for the forward (fwd) and reverse (rev) scan as a function of the applied voltage. The fast τfast and slow time τslow constants are of a similar order of magnitude for both scan directions with the slow time constants τslow being approximately an order magnitude longer compared to τfast. Both τslow and τfast exhibit a dependency on the applied potentials, becoming shorter towards short circuit. In direct comparison, the τslow here appears to be a factor of 2–4 longer for the forward compared to the reverse scan while τfast appears to depend much less on the scan direction. Note that the forward scan was carried out after the reverse scan.
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Figure 3. Fast and slow time constants (τfast and τslow) extracted by fitting the transient current response in each voltage segment to the bi-exponential fit function given in Equation (1) both for the forward (fwd) scan and for the reverse (rev) scan direction. 
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The magnitude of τslow is comparable to the characteristic slow time constants extracted by Ono et al. [53], who performed a similar analysis on OMHP solar cells based on meso-porous titanium dioxide electrodes. They attributed the slow time constant to the change in device polarization due to the ferroelectric properties of the OMHP materials. Ferroelectric polarization due to the re-orientation of the methylammonium cation in the inorganic lattice has been discussed as one possible cause for the hysteresis phenomenon [16,17,39]. However, recent publications on this topic have highlighted that the time scale of molecular re-orientation should be on the pico-second time scale [58] and is hence unlikely to be the cause for the transient phenomena occurring on a second time scale. Dipole reorientation may however affect the band structure and possibly charge carrier dynamics in methyl-ammonium-lead-halides [36,37,59].



Our interpretation of the slow transient is more in line with changes in the internal electric field in the OMHP absorber layer due to electrode polarization caused by redistribution of ionic constituents [13,14,38,46,60]. Migrating halide vacancies in the absorber layer under bias can reasonably cause self-doping effects at the selective contacts transiently forming a p-i-n homo-junction that facilitates charge carrier extraction [22,43,46]. Ionic vacancies are both likely to influence the electric field distribution in the absorber and cause self-doping but could simultaneously also act as charge carrier trapping sites.



The transients in the photocurrent cannot hence be attributed to capacitive charging or discharging currents. Integration of the current transient does not give values representative of capacitive charge carrier densities stored in the device. However, integration of the transient portion of the current response can give insight into the voltages at which the device response is most affected by transient phenomena. In Figure 4, we show the integrated current density from each voltage segment for the reverse (squares) as well as the forward scan (circles) distinguishing between the corresponding integrated current for the fast (open symbols) and slow time constants (plus symbols). This plot illustrates that it is predominantly the slow process that causes the discrepancy in the current-voltage response and that the effect is approximately symmetrical, peaking close to 0.7 V, for the reverse and forward scan. The latter exhibits a negative signal as the transient is negative with respect to the steady state current as shown in Figure 2b. Noticeably, the magnitude of the integrated current is almost twice as large for the forward scan compared to the reverse scan. For the data shown here, the forward scan was carried out after the reverse scan. We find that the magnitude of the integrated current density transient depends on the conditions the devices was exposed to for a significant time prior to the start of the measurement. These results highlight, that devices change dynamically in response to bias or light. Storage and conditions prior to the current-voltage measurements can have a dramatic influence on the transient response of the device as the distribution of ionic species may indeed be quite different.
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Figure 4. Fast and slow time constants (τfast and τslow) extracted by fitting the transient current response in each voltage segment to the bi-exponential fit function given in Equation (1) both for the forward scan and for the reverse scan direction. 
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4. Conclusions


Evidently, it is not trivial to find reliable measurement conditions and protocols to determine the current-voltage response and derive performance metrics for solar cells based on organo-metal-halide semiconductors. We found that the staircase voltammetry measurement routine described herein provides a method for both characterizing and visualizing the transient response of solar cells during I(V) measurements and for determining appropriate measurement delay times that are sufficiently long to produce quasi-steady-state conditions in the device for current-voltage measurements. The data shown here highlights that the time constants of processes causing the slow transient response in solar cells based on MAPbI3 are strongly affected by prior measurements and storage conditions (light, bias, etc.) and that the devices dynamically change during a current-voltage scan. This creates a considerable uncertainty when defining the “stabilized” power conversion efficiency of solar cells based on an I(V) sweep of an OMHP based solar cell. It is important to remember that solar cells are expected to operate at their stated performance specifications for tens of years after installation. Intelligent tracking of the device’s maximum power point performed under continuous full illumination for an extended period of time is most certainly the most honest and accurate way to evaluate the performance and stability of these solar cells. Evaluation of the time constants and the magnitude of transient currents during current-voltage measurements as described herein will prove useful in comparing devices of different architecture types and contact layers and can also give insight into changes in devices during degradation or due to previous exposure conditions.
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