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Abstract

We report charge recombination rates in lead iodide perovskites with alloys of formamidinium 
(FA) and methylammonium (MA) cations, FAxMA1-xPbI3, 0 ≤ x ≤ 0.9, prepared through ion 
exchange with minimal differences in morphology and charge trap density. Our results show that 
the trap-mediated recombination rate increases over two orders of magnitude with decreasing MA 
content. These results are consistent with a proposed mechanism that MA molecules are more 
effective in screening charged defects. In contrast, band-to-band charge recombination rates are 
minimized at an intermediate alloy composition. These findings reveal that the monovalent cations 
impact recombination processes through different mechanisms.



Metal halide perovskites (MHPs) with structure ABX3, in which A is a monovalent cation 
(methylammonium: MA+, formamidinium: FA+, cesium: Cs+), B is a divalent metal (Pb2+), and X 
is a halide (I-, Cl-, Br-)1, have shown significant promise as optoelectronic materials for their high 
device performance and low-cost manufacturing process. While MHP solar cells and light-
emitting diodes (LEDs) have undergone rapid increases in performance over the past decade, there 
are still gaps in the fundamental knowledge of these materials, particularly in the role of the A-site 
monovalent cation, that may be limiting further improvement and application.2–5

The two characteristics that are largely responsible for the high performance of MHPs are their 
extremely long charge carrier lifetimes with low rates of charge recombination6, and their tolerance 
of trap states, even in the presence of a high density of defects in polycrystalline MHP films7. 
Mechanisms proposed to explain these characteristics include polaron formation4,8–10, and the 
Rashba effect11,12, with several reports presenting evidence for the existence of each mechanism13–

15. The role of the monovalent cation in enhancing these mechanisms, extending charge carrier 
lifetimes, and promoting defect tolerance, is currently under intense debate. The monovalent cation 
does not directly contribute to the band-edge electronic states16, but the cation size, dipole, and 
free rotation can all influence and distort the lead halide network which, ultimately, can alter its 
optoelectronic properties.

A recent study by Tan et al. determined that the inclusion of the strong dipolar MA+ cation to a 
sample containing FA+ and Cs+ cations lengthened the overall charge carrier lifetime, and reduced 
the density of deep charge trap states7. The authors attributed these effects to the MA+ dipole 
reorienting in response to local electric fields created by charged defects, thereby reducing the 
defect charge and capture cross section experienced by free carriers. This study inspires the 
questions: 1) Is this an intrinsic effect of the MA+ cation itself, or is it an alloy effect of the multiple 
cations working together? High performance MHP compositions are almost exclusively mixed 
cations, and the origin of this trend is not well understood. And, 2) could the cation have an effect 
on the bimolecular (band-to-band) recombination rate constant, in addition to the monomolecular 
(trap-mediated) recombination rate constant? To address these questions, a careful comparison 
must be made of the cations, in a compositional range that allows for not only the study of the 
effect of each cation independently, but also the effect of alloying multiple cations together. 
However, previous works studying a range of MHP cation compositions have encountered 
variations in sample morphology with potential changes in trap state density, which complicate 
direct comparison of the cations18,19. 

In this work, we present a systematic study of FAxMA1-xPbI3 MHP alloys with MA:FA ratio, x, 
ranging from 0 to 0.9 with comparable morphologies and densities of charge trap states to 
determine trends in monomolecular recombination rate constant through time-resolved 
photoluminescence (TRPL), and in bimolecular recombination rate constant through femtosecond 
transient absorption (TA) measurements. A cation exchange procedure was employed to achieve 
consistent morphology, grain size, structure, and trap state density throughout the range of seven 
cation alloy compositions from MAPbI3 to FA0.9MA0.1PbI3. Consistent trap state densities were 
confirmed through trap-filled limited voltage (VTFL) measurements. Our results show that the 
monomolecular recombination rate constants exponentially increase by two orders of magnitude 



as the FA content is increased despite the similar charge trap densities, indicating that the nature 
of the monovalent cation plays a critical role in trap mediated recombination. Moreover, our results 
further show reduced bimolecular recombination upon alloying of the monovalent cations; while 
the MA and FA rich alloys have similar bimolecular recombination rate constants, there is a 
minimum at intermediate alloyed compositions. These results suggest that the monomolecular and 
bimolecular recombination rates can be separately tailored for different device applications by 
engineering the monovalent cation composition.

FAxMA1-xPbI3 thin film cation exchange and characterization

Alloys of FA and MA were chosen as our model system, as these cations have varying shape and 
strength of dipole, but similar enough molecular sizes in which, unlike Cs alloy systems, a full and 
stable range of lead halide perovskite alloys can be prepared under identical conditions. Standard 
MHP alloy thin film fabrication methods, such as spin-coating and thermal annealing of precursor 
solutions of varying alloy composition, result in significantly different crystallization processes 
and film morphologies19. For this reason, cation exchange process was chosen as the alloy 
fabrication method, in which seven MAPbI3 films were synthesized through the highly 
reproducible, two-step interdiffusion method, and each sample was submerged in one of seven 
solutions of different FA:MA ratio20,21. The aim was to produce seven FAxMA1-xPbI3 films of 
varying FA:MA ratio with the morphology and grains of the original MAPbI3 films preserved. 

Characterization of the FAxMA1-xPbI3 thin films dissolved in deuterated dimethyl sulfoxide 
(DMSO) conducted by solution phase proton nuclear magnetic resonance (1H NMR) determined 
that a range of cation compositions of 0 ≤ x ≤ 0.9 was achieved, and that the compositions of the 
thin films were close to that of the cation exchange solutions (Fig. 1a). X-ray diffraction (XRD) 
results show a monotonic increase in lattice size with increasing mole fraction of the FA cation 
based on the shift of the (110) peak due to the larger size of the FA cation compared to MA, 
suggesting homogeneous mixture of FA and MA. The full width half maximum of the (110) peak 
is similar for all cation alloy compositions, indicating similar crystallinity (Fig. 1b). The peaks of 
photoluminescence (PL) emission spectra also showed a monotonic redshift (Fig. 1c) with 
increasing FA content, further confirming homogeneous mixing of the FA and MA cations.
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Figure 1. (a) Composition of the cation exchange solution and resultant thin films characterized 
by 1H NMR, (b) tetragonal (110) or cubic (100) X-ray diffraction peaks, and (c) 
photoluminescence emission spectra of seven FAxMA1-xPbI3 films with different FA mole fraction 
x.

Upon examination with scanning electron microscopy (SEM), the grain sizes of all FAxMA1-xPbI3 
thin films were found to be similar (Fig. 2a). Pinholes are apparent in the morphology, but are 
consistent in size and form throughout the cation range. To further ensure that any differences in 
charge traps due to different morphology would not impact the monomolecular recombination rate, 
trap state densities of all samples were determined through measuring trap-filled limited voltage 
(VTFL)22,23. An example of the VTFL measurement results obtained from the FA0.7MA0.3PbI3 sample 
can be found in Fig. 2b. VTFL results from all alloys are included in the Supporting Information.  
The intersection of the two is the VTFL, which can be used in Equation 1 to determine trap state 
density (Nt). 

                                 (Equation 1)𝑁𝑡 =
2𝜀0𝜀𝑉𝑇𝐹𝐿

𝑒𝐿2 𝑛2

In this equation, ε0 is the vacuum permittivity, ε is the relative dielectric constant of the alloy, e is 
the electron charge, and L is the thickness of the film24. Trap density as a function of FA mole 
fraction, x, is plotted in Fig. 2c, and shows no significant change across the entire range of 
FAxMA1-xPbI3 alloy samples. In summary, of the combination of XRD, PL, SEM, and VTFL results 
confirms that our FAxMA1-xPbI3 samples have negligible difference in extrinsic factors, such as 
trap density, grain size, and phase separation, ultimately enabling us to probe the intrinsic 

Figure 2. (a) SEM images of FAxMA1-xPbI3 thin films in which x ranges from 0 to 0.9. Scale bars 
are 2 µm. (b) An example current-voltage curve for a FA0.7MA0.3PbI3 device, with the VTFL at the 
intersection of the blue and green lines. (c) The trap site densities (Nt) determined from VTFL.
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relationship between the monovalent cation composition and the charge carrier recombination 
dynamics.

Monomolecular (trap-mediated) recombination rate

To probe the monomolecular recombination rate in the FAxMA1-xPbI3 thin films, we performed 
TRPL measurements using a 500 nm pulsed laser at a fluence of 0.05 µW/cm2, corresponding to 
~1015 photoexcited carriers/cm3 (see Experimental Section for further details). At this low carrier 
density, charge recombination is dominated by trap-mediated processes, and the first order decay 
curves shown in Fig. 3a are indicative of dominant monomolecular recombination25–27. As x in 
FAxMA1-xPbI3 increases, there is a clear trend of faster charge carrier decay rates. The 
monomolecular recombination rate constant, km, was determined from fitting the TRPL data to the 
first order decay process described in Equation 2. 

                                 (Equation 2)
𝑑𝑛
𝑑𝑡 = ― 𝑘𝑚𝑛 = ― 𝑘𝑡𝑁𝑡𝑛𝑛2

Our results show that km increases monotonically by two orders of magnitude as the FA mole 
fraction increases from MAPbI3 to FA0.9MA0.1PbI3 (Fig. 3b). The extrinsic influence of trap state 
density can be eliminated using the Nt measured with VTFL to determine the rate constant at which 
charge carriers recombine per charge trap (kt), which also shows an increase by two orders of 
magnitude over the range from MAPbI3 to FA0.9MA0.1PbI3 (Fig. 3c). 

Figure 3. (a) Time resolved photoluminescence curves. (b) Monomolecular recombination rate 
constant (km) and (c) rate constant at which charge carriers recombine per charge trap (kt) at 
different FA mole fraction.

There are several mechanisms proposed in the literature to explain the trapping of free carriers and 
the subsequent emptying of those traps. These range from Shockley-Read-Hall recombination28 to 
mechanisms proposed by Stranks et al.29 and others30–32. Given that the two orders of magnitude 
change in trap-mediated recombination rate constant is independent of trap density, the change 
must have resulted from differences in the parameters which describe how the charge carriers 
interact with traps. Our results support the proposed mechanism that the polar organic cations may 
play a role in screening charge carriers from trap-mediated recombination, potentially through the 
formation of polarons4,13,33. Another possibility is that the charged defects which form the trap 
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sites are either statically or dynamically screened by the polar cations, shifting the trap states to 
shallower energy levels, and consequently making them less active as recombination centers34. 
The screening of a charged species by the polar organic cation is key to both mechanisms, and the 
greater effectiveness in reducing trap-mediated recombination by the strong dipolar MA cation 
compared to the weaker dipolar FA cation2, is experimental evidence for the occurrence of this 
polar organic cation induced screening. Our result further confirms that the nature of the 
monovalent cation has a significant role in the “defect-tolerance” of metal halide perovskites, and 
enables their high performance in polycrystalline thin films.

Bimolecular (band-to-band) recombination rate

Transient absorption (TA) decay kinetics were collected using 500 nm pump and 780 nm 
probe wavelengths at four different pump intensities between 5 and 65 μW/cm2, corresponding to 
1.9x1017 to 2.6x1018 photoexcited carriers per cm3. The bimolecular recombination rate constant 
kb was determined using a global fitting algorithm based on Equation 3 for all TA decay curves 
measured at different pump intensities.

                                                                                           (Equation 3)
𝑑𝑛
𝑑𝑡 = 𝐷

𝑑2𝑛
𝑑𝑥2 ―𝑘𝑚𝑛 ―  𝑘𝑏𝑛2

where n is the photoexcited carrier concentration and D is the carrier diffusion coefficient. Given 
that the film thickness is approximately 300 nm and the majority of excitation light is absorbed in 
the first 50 nm, it was necessary to include the diffusion term as shown before34. No evidence of 
the third order Auger recombination was found at the pump intensities used in the measurements, 
and therefore it was not included in the model. As the probe wavelength is within the PL spectra 
shown in Figure 1c, the dominant transient absorption signal measured at the selected probe 
wavelength was found to be ground state photobleaching in combination with stimulated emission. 
Because the photoinduced absorbance change in a transient absorption measurement can be written 
as , where the first two terms describe the cross-sections of ground ∆𝑂𝐷 = 𝑛( ― 𝜎𝑃𝐵 ― 𝜎𝑆𝐸 + 𝜎𝐸𝑆𝐴)
state bleaching and stimulated emission, respectively, and the last term is cross-section of photo-
induced absorption, the observed change in absorbance (ΔOD) is directly proportional to the 
excited carrier concentration35-37. The TA decay curves collected at 1.3x1018 carriers/cm3 for all 
samples with different FA mole fractions along with their corresponding kb values extracted from 
the global fit are shown in Figure 4.
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Figure 4. (a) Transient absorption decay curves collected for seven FAxMA1-xPbI3 films with 
different FA mole fraction x at an excitation density of 1.3x1018 carriers/cm3. (b) The bimolecular 
recombination rate constant (kb) as a function of FA mole fraction.

Our results in Fig. 4b show that there is no significant difference in the bimolecular recombination 
rate constants between MAPbI3 and FA rich compositions. This lack of difference in the 
bimolecular recombination in lead iodide perovskites with different monovalent cations is 
consistent with work done by Dastidar et al.38, on CsPbI3 and MAPbI3 systems. However, 
interestingly, our results show a minimum in kb at around FA mole fraction of 0.2 which suggests 
that alloying the monovalent site cations has a significant impact on bimolecular recombination 
rate. The bow shape of kb versus FA mole fraction resembles the entropy of mixing, and it is 
possible that the increased disorder in structure or dynamics impact polaron formation or charge 
screening. Other possibilities involve nanoscale distortions to the crystal lattice, or localized 
electric fields, resulting in the electron and hole being separated in real space5, or momentum 
space11,39. These effects can be enhanced by the increase in entropy or structural disorder created 
by the alloyed system which translates into enhanced formation of local domains or a wider 
distribution of energetic states.

The typical conclusion of previous studies is that monovalent cation composition influences the 
overall trap site density, as opposed to changing the interaction between the carriers and trap 
sites.40,41 It is worth noting that most of these studies used more convoluted materials systems and 
thin film processing methods compared to our study, causing complications in distinguishing 
intrinsic materials properties from extrinsic factors such as crystal quality. Due to possibly similar 
reasons, previous studies focusing on the FAxMA1-xPbI3 system report a wide range of conclusions 
as to how the monovalent cation impacts monomolecular recombination.42–46 As FA rich 
compositions typically result in thin films with larger grain sizes when prepared through typical 
spin-coating and thermal annealing methods, this likely results in lower overall trap site density 
and masks the trend of monomolecular recombination increasing with FA content.  

Our finding that inclusion of FA results in higher monomolecular recombination rate than MA 
seems contrary to the fact that many of the most efficient solar cells use FA rich compositions. 
However, a recent study by Sargent and co-workers7 on the trap site density, trap site energy levels, 
and TRPL curves in Cs0.2FA0.8Pb(I0.75Br0.25)3  and Cs0.05MA0.15FA0.8Pb(I0.75Br0.25)3 systems 
convincingly show that the dipolar MA cations screen the trap sites in ways the FA and Cs cations 
cannot. Ultimately, they concluded that addition of MA results in the trap states shifting to 
shallower energy levels which ultimately lowers the monomolecular recombination rate. Our study 
employed an approach that enabled a direct probe of the impact of monovalent cation compositions 
on charge trapping rate without significantly changing the charge trap densities as a function of 
monovalent cation compositions. The consistent and drastic change in charge trapping rate per trap 
site as a function of monovalent cation composition that was found in our work highlights the 
importance of rationally selecting monovalent cation composition to improve the MHP device 
performance.

Moreover, our findings that the monomolecular and bimolecular recombination rates exhibit 
different trends with monovalent cation composition reveals another important characteristic of 



MHPs. There is a consensus that both the monomolecular and bimolecular recombination rates in 
MHP are unusually low considering the amounts of defects and traps present in them.6,9,25 
However, whether or not the same mechanisms are responsible for slowing down both 
recombination pathways is still unclear. The theories regarding the role of the monovalent cation 
in slow charge recombination processes involve reorientation of the dipole to screen charge 
carriers9 or trap sites,7 or enhancement of a Rashba effect by the polar cations.11 Our results favor 
either of the following two possibilities: (1) the monovalent cations influence the monomolecular 
and bimolecular recombination processes through different mechanisms. It is possible that that 
dynamic screening, for example in polaron formation, is responsible for suppressed bimolecular 
recombination while static screening of charged defects is more dominant in suppressing 
monomolecular recombination. (2) Majority of monomolecular and bimolecular recombination 
processes occur at different locations such as surface versus bulk9 while the influence of the 
monovalent cation, for example due to reorientation of the dipole, are different depending on the 
location. At the surface, dangling bonds or charged defects may create strong local electric fields 
which are not present in the bulk crystals. It is conceivable that the different local electrostatic 
environment of the surface can significantly alter the geometry and timescale with which the polar 
cations reorient compared to more freely rotating polar cations in the bulk, ultimately resulting in 
different interactions with free charge carriers.

In summary, our work shows that the nature of the monovalent cation has drastically different 
impact on monomolecular and bimolecular recombination processes. Changing the monovalent 
cation composition can alter the intrinsic monomolecular recombination rate by two orders of 
magnitude. As for bimolecular recombination rate, MHPs with alloyed monovalent cations can 
have lower bimolecular recombination than pure phases. Taken together, these results show that 
the nature of the monovalent cations plays a critical role in charge carrier recombination processes 
with different influences in mechanisms that dominate the bimolecular and monomolecular 
recombination rates. The implications of our findings on the technological applications of our 
findings are that monomolecular and bimolecular recombination processes can be optimized 
separately, perhaps even independently. Selecting a MHP composition which minimizes both 
monomolecular and bimolecular recombination rates is desirable in applications such as solar cells, 
where slow recombination in both pathways is ideal. On the other hand, light-emitting diode 
applications will benefit from slow trap-mediated monomolecular recombination but fast radiative 
bimolecular recombination. Therefore, rational selection of monovalent cation compositions 
tailored for specific applications will be a key to achieve high device performance.

Experimental Methods

Materials. All materials used in this work were purchased from Sigma-Aldrich, with the exception 
of the following: pre-patterned indium tin oxide (ITO, 15 Ω cm-2) from Kintec, lead iodide (PbI2, 
99.99%) from TCI Chemicals, methylammonium iodide (CH3NH3I) and formamidinium iodide 
(CH3(NH3)2I) from Dyesol Inc.

Thin film fabrication & cation exchange. To prepare the perovskite thin films, 1 inch2 glass 
microscope slides were cleaned in series under sonication with: detergent, de-ionized water and 2-



propanol. The slides were rinsed with acetone and 2-propanol before being air dried and cleaned 
with a Jelight ultra-violet ozone cleaner.

To improve perovskite adhesion during the cation exchange procedure, the glass slides were coated 
with a layer of Al2O3 by spincoating 60 μL of 1 mg/mL aluminum acetylacetonate in ethanol at 
2000 rpm and annealing at 500 °C for 10 minutes.

The CH3NH3PbI3 perovskite layers were synthesized using a modified version of the two-step 
interdiffusion method54 in a nitrogen filled glovebox. 1M PbI2 in DMSO/DMF was spincoated on 
the glass/Al2O3 slides at 2000 rpm for 60 seconds, immediately after which 50 mg/mL CH3NH3I 
in 2-propanol was spincoated at 2000 rpm for 60 seconds to allow the CH3NH3I to diffuse into the 
PbI2 film. The slides were then annealed at 110 °C for 12 minutes. 

The cation exchange solutions were prepared by dissolving the target molar ratios of CH3NH3I 
and CH3(NH3)2I in anhydrous butanol at a concentration of 0.01 M. The CH3NH3PbI3 films were 
soaked in the cation exchange solutions for 15 hours to allow time for the cation exchange to reach 
equilibrium. After soaking, the films were removed, rinsed with an excess of anhydrous butanol 
to remove surface cations, dried with nitrogen and annealed at 100 °C for 10 minutes. 

For photoluminescence and transient absorption measurements, the films were encapsulated with 
a coverslip sealed with optical cement epoxy, and ultra-violet light cured for 10 minutes.
1H-Nuclear magnetic resonance spectroscopy measurements. The compositions of the cation 
exchanged films were characterized using 1H-NMR with a Varian Inova 500 spectrometer. The 
cation exchanged films were prepared for 1H-NMR through digestion in 1 mL of deuterated 
DMSO, which was repeated for 8 films of each cation composition to ensure high enough 
concentration in solution. The 1H-NMR data were analyzed by integrating the characteristic 
CH3NH3

+ peak at 2.35 ppm, and the characteristic CH3(NH3)2
+ peak at 7.85 ppm.

Additional characterization. The cation exchanged film morphologies were characterized using 
a FEI Quanta 650 Scanning Electron Microscope. The crystal structures of the films were 
characterized with X-ray diffraction using a PANalytical X’Pert Pro Multi-Purpose Diffractometer 
at 40 kV and 40 mA.

Steady-state photoluminescence measurements. The PL peaks of the cation exchanged films 
were characterized using a PTI QuantaMaster 400 spectrofluorometer with a xenon arc lamp at an 
excitation wavelength of 480 nm. A 500 nm shortpass filter was used for the excitation, and a 650 
nm longpass filter was used for the emission. The PL peak of Al2O3 on glass was subtracted from 
the PL peaks of the cation exchanged films.

Light sources for time resolved photoluminescence and transient absorption measurements. 
The primary light source was a commercial femtosecond Ti:Sapphire regenerative amplifier with 
a repetition rate of 250 kHz, generating ~50 fs (FWHM) pulses centered at 800 nm. The major 
portion (70 %) of the amplifier output was used to pump an optical parametric amplifier (OPA) to 
produce excitation pulses centered at 500 nm. A dual prism compressor consisting of two SF10 
prisms was used to compensate for group velocity dispersion in the excitation beam. For the 
transient absorption measurements, a minor portion of the amplifier output (30 %) was focused 



onto a sapphire window (10SW8-180, Newport) with 2 mm thickness to generate a single-filament 
white-light continuum. A pulse near the band edge of the perovskite was selected by using a 10 
nm (FWHM) bandpass filter centered at 780 nm (FL780-10, Thorlabs). 

Time-resolved photoluminescence measurements. Time resolved photoluminescence was 
performed using a picosecond time-correlated single-photon-counting (TCSPC) technique using 
an excitation wavelength of 500 nm and intensity of 0.05 µW/cm2. The detection system uses the 
same actively quenched single photon avalanche photodiode (PDM 50CT module, Micro Photon 
Devices) and a TCSPC module (PicoHarp 300, PicoQuant). The instrument response function 
(IRF) showed a FWHM of 44 ps as recorded at selected emission wavelengths using a dilute 
water suspension of coffee creamer. A 40.0-ps channel time was chosen in order to resolve possible 
fast dynamical processes. A first order decay model (see Equation 1 in the main text) was used to 
fit the data by minimizing the Chi-squared statistic. In this model, the calculated PL was set equal 
to the carrier concentration squared. As the time scales relevant for this fitting are significantly 
longer than the IRF, the calculated PL signal was not convoluted with the IRF.

 

Transient absorption measurements. A 500 nm pulse was used as the probe, and a 780 pulse as 
the probe. The pump and probe beams were overlapped on the sample in such a way that the probe 
was directed towards a Si photodiode (Nirvana Balanced Photodetector, Newport) after passing 
through the sample, and the pump was terminated with a beam stop. The signal from the detector 
was sent to a lock-in amplifier (SR810 DSP, Stanford Research Systems), with a 50 μV typical 
sensitivity, a 30 ms time constant, and a 24 dB/octave roll off filter. The lock-in amplifier signal 
data was read out using a data-acquisition module (DAQ, National Instruments Ni PXIe-6124 
installed in a NI PXIe-1073 chassis). The delay between the pump and probe beams was set using 
a DC-motor driven optical delay stage with 0.3 fs resolution (UTS150CC, Newport).

The data was fitted in to the model shown in the main text by minimizing the Chi-squared statistic 
between the calculated and measured carrier concentrations using MATLAB. This fit was 
performed globally for the data acquired at pump powers of 0.1, 0.5, 1, and 2mW. The initial 
carrier profile was estimated from the absorption coefficient at 500 nm. 

Trap-filled limit voltage measurements. To measure the trap state density through trap-filled 
limit voltage characterization, pre-patterned indium tin oxide (ITO) coated glass was cleaned using 
the method detailed in the thin film preparation section. The perovskite layer synthesis and cation 
exchange were also conducted as detailed in the thin film preparation section. For the top contacts, 
500 nm of Au was evaporated onto the films under ultra-high vacuum (< 10-5 torr).

The trap-filled limit voltage was characterized using a Keithley digital multimeter in a nitrogen 
filled glovebox with PV Measurements I-V software. The voltage range applied spanned from 0 
V to 5 V, with 100 I-V points collected. The meter integration was held at 100 PLC with a voltage 
settling times of 10 ms. The I-V curves were fit with power law equations in both the ohmic and 
trap-filled limit regimes, with the intersection of these two regimes being the trap-filled limit 
voltage. 
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