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Abstract 
 

Using cross-correlation current noise spectroscopy, we have investigated carrier dynamics in methylammonium 

lead triiodide solar cells. This method provides a space selectivity for devices with planar multi-layered structure, 

effectively amplifying current noise contributions coming from the most resistive element of the stack.  In the 

studied solar cells, we observe near full-scale shot noise, indicating the dominance of noise generation by a single 

source, likely the interface between the perovskite and the spiro-OMeTAD hole-transport layer.  We argue that the 

strong 1/f noise term has contributions both from the perovskite layer and interfaces. It displays non-ideal 

dependence on photocurrent, 1.4S I   (instead of usual 2S I ), which is likely due to current-induced halide 

migration.  Finally, we observe generation-recombination noise. We argue that this contribution is due to 

bimolecular recombination in the perovskite bulk absorption layer. Extrapolating our results, we estimate that at 

the standard 1 sun illumination the electron-hole recombination time is 5 microseconds.  

 

 

 To meet ever-increasing energy needs, a great deal of research has gone into finding cheap alternatives to 

silicon photovoltaics.  One of the most promising materials are hybrid organic-inorganic perovskite solar cells 

(PSCs), which by now have reached certified power conversion efficiencies of more than 25% [1,2,3,4].  These 

materials have the chemical formula ABX3, where A represents an organic cation, typically methylammonium 

(CH3NH3
+ or MA+), B is a metal such as Pb2+ or Sn2+, and X is a halide anion such as Cl-, Br-, or I-.  These 

perovskites have low processing costs [3] coupled with attractive qualities such as high carrier mobilities, long 

lifetimes and diffusion lengths [5], shallow intrinsic defect states [6], and low exciton binding energies [7].  The 

canonical perovskite, and the one studied in this work, is methylammonium lead triiodide, MAPbI3. 

 While much attention has been given to understanding the physics of the perovskite absorber layer, less 

is known about the carrier dynamics at the interfaces between this layer and the electron and hole transport layers 

(ETL and HTL, respectively).  One of the most commonly used HTL materials is the organic 2,2’,7,7’-

tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene (spiro-OMeTAD).  Despite its popularity, there is 

still a limited understanding of its hole-transport properties.  Spiro-OMeTAD films tend to be amorphous,  

requiring doping [8] and making device reproducibility difficult.  The material also suffers photoinduced 

alterations [9].   Similarly, the typical TiO2 ETL can introduce hysteresis and charge-trapping effects [10] and 

must be annealed at high temperature. 

Here, we use cross-correlated current noise spectroscopy to characterize relaxation processes in hybrid 

perovskite solar cells.  We argue that this method has a certain spatial selectivity which magnifies contributions 

from the most resistive elements of the stack.  In the perovskites, this is the ETL/perovskite/HTL interfaces. 

Noise spectroscopy analyzes fluctuations of a signal from its steady-state value. It has been used to 

characterize defects in semiconducting devices [11,12,13], crystalline solar cells [14], light-induced defects in a-

Si:H [15]  as well as carrier kinetics [16] and metastable states [17] in  perovskite solar cells.  The technical 

advantage of our work comes from the cross-correlation technique [18], which provides several orders of 

magnitude better sensitivity and bandwidth than standard noise measurements.  Using this technique, we have 

resolved the shot noise contribution in fluorescent [19] and phosphoresecent [20] organic light emitting diodes 

(OLED).   

Figure. 1(a), shows the stack structure and energy diagram [21] of the devices studied, referenced to a 

zero vacuum level.  They consist of a 60-nm-thick compact TiO2 layer grown on a fluorine-doped tin oxide 

(FTO)/glass substrate.  The MAPbI3 absorption layer was spin coated at two different thicknesses, d = 200 nm 
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(device S7) and 800 nm (device S12) followed by a spin-coated 180-200-nm-thick spiro-OMeTAD layer topped 

with gold contacts.  The active area of the device is 18 mm2.     

Each cell was illuminated through the substrate using an LED with a peak wavelength of 585-595nm.  

The devices’ ( )I V  characteristics displayed a hysteresis, as shown in Fig. 1(b). Previous studies suggest that this 

due to halide ion migration through the perovskite structure [22].  To avoid drift in the data, the noise spectra were 

taken under short-circuit conditions and after “light-soaking” illumination for 30 minutes for each light intensity.  

 

 
Fig. 1.  (a) Device energy diagram; overlaid is noise circuit representing interfacial and bulk shot noise sources. 

(b) A typical ( )I V curve illustrating the observed device hysteresis.   

 

Figure 2(a) shows noise spectral density curves for device S12 (MAPbI3 thickness 800 nm) under 

different illuminations.  The legend shows the corresponding short-circuit current, ISC and the black curves 

represent a chi-squared minimization fit to the equation 
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This equation represents the fact that the observed noise spectra are the incoherent sum of the spectra from 

individual mechanisms.  The first term is a frequency-independent term which includes thermal noise, the second 

represents 1/f flicker noise, and the third is a generalized generation-recombination (GR) noise allowing for the 

non-Lorentzian dispersion of the relaxation time t .  This dispersion signifies processes with a range of time 

scales, such as trapping/release from defect states with a range of energy levels.  Note that when b = 0, the GR 

term reverts to the familiar Lorentzian profile. The final term, Kf 2, describes the residual noise background 

increase caused by device capacitance as discussed in details in our previous works [19, 20].   

 

 
 

Fig. 2. Current noise data for S12 sample (a) Current noise spectral density versus frequency. Solid lines are fits to 

the Eq. 1.  The dashed black line shows a fit to Eq. 1 where S3 = 0, illustrating the existence of GR noise. (b) 

Frequency-independent noise term 
1S  versus photocurrent; a linear fit, shown as a solid black line, gives Fano 

factor 0.86F = . 
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During the fitting procedure, the lowest illumination spectrum was fit first and the values of the 

exponents a and b, as well as the capacitive upturn term, were extracted and fixed for the rest of the spectra.  

Importantly, it was seen that the GR term was necessary for fit convergence.  The dashed line seen in Fig. 2(a) 

represents a fit to Eq. 1 which uses identical fitting procedures as the solid lines except for the exclusion of the GR 

term, highlighting the importance of this term to reach an accurate fit. 

A plot of the frequency-independent term,
1S , versus photocurrent is shown in Fig. 2(b). The linear trend 

indicates shot noise; fit to the dependence 
1 2S eFI= returns Fano factor 0.86F = .  

 The noise spectra for the thinner S7 solar cell are shown in Fig. 3a. Compared to the thicker S12 solar 

cell, no GR feature is resolved.  The simplest explanation is that GR term is also present in S7 and, while 

unresolved on its own, provides a boost to the Fano factor, shifting it to a super-Poissonian ( 1.1F  ) value (Fig. 

3b).      

 

 
 

Fig. 3. Current noise data for sample S7 (MAPbI3 thickness d = 200 nm) (a) Noise spectral density versus 

frequency for indicated photocurrents.  The black curves are fits to Eq.1 with GR magnitude set to zero (b) 

Frequency-independent noise extracted from the fits in (a) yielding a Fano factor of F=1.1.   

 

The appearance of 1F  in the thick device is more interesting.  To first approximation, the total shot 

noise can be represented by a series of noise sources, 
ni , each self-shorted by its own internal resistance, 

nR  as 

shown in Fig. 1a.  From Kirchhoff’s law, the total noise current seen at the contacts is ( ) /T n n Tn
I i R R= , where 

TR  is the total device resistance.  Assuming that all noise generators are uncorrelated shot noise sources, the total 

current noise seen at the electrodes is 
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The sum in Eq. 3 is dominated by the most resistive term and this feature adds an important spatial selectivity to 

the noise signals.  This approach is a general one describing a standard procedure for analyzing the noise 

contributions of lumped elements and has been used, for instance, to analyze noise generated by hopping transport 

in both organic [19, 20] and inorganic [23] devices.  It is important to note that this procedure can be used to 

describe any noise source, though the extension is not as straight-forward as 1/f and GR noise lack a fundamental 

mechanism fixing the magnitude and frequency range.  Within the the lumped-element model we use, this means 

that each interface and bulk section of the stack is represented by several noise sources connected in parallel to 

each other and to a resistor of this section.  However, due to fact that specific mircoscopic processes dominate 

only in specific ranges of the frequency spectrum, accounting for all possible terms is rarely needed. For 

simplicity, only an  single noise source is shown in Fig.1(a).  

Shot noise reflects the discreet nature of electric charge and appears due to the random transfer of charge 

carriers across an energy barrier. In our experiment, the close-to-unity value of the Fano factor indicates the 

dominant contribution of a single resistive element in the stack.  Given the abrupt interface between the perovskite 

and the spiro-OMeTAD HTL, it is likely that the shot noise is dominated by a Schottky barrier at this interface.  

That this is interfacial is further indicated by the observation that the Fano factor remains relatively constant even 

as the thickness of the MAPbI3 layer is greatly increased.  Indeed, if the bulk were a significant source of shot 
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noise, the Fano factor would actually decrease according to Eq. 2, assuming the interfaces remain the same across 

devices. 

 Figure. 4a shows the 1/f noise magnitude in log-log scale, S7 device in red (circles) and S12 in yellow 

(squares).  The magnitude of the noise in S7 is roughly twice as large than in S12. Assuming that the interfacial 

properties in both devices are the same, the larger noise in S7 should come from the enhanced 1/f noise in the bulk 

perovskite layer.  This is an expected tendency.  Indeed, in inorganic semiconductors, enhanced 1/f noise is 

predicted to follow the dependence 2

1/ /fS I  [24], where   is the sample volume, a trend which holds for 

either mobility or concentration fluctuations [24].  In the analysis of 1/f noise, we again use the reasoning based 

on Eq. 2. The very fact that we observe dependence of noise on perovskite thickness suggests the 1/f noise 

generator for bulk perovskite layer has much larger magnitude than 1/f noise coming from interfaces.  

 We further notice that the 1/f noise dependence on current is S
1/ f
= AIa  with an exponent 1.5  .  

Deviation from the standard value 2 = suggests the presence of traps induced by current or light [25]. Our 

results suggest that the induced defects are present both in the bulk perovskite layer and at interfaces.  The likely 

source of these current-driven defects is the often observed migration and interfacial collection of the halide ions 

[26], though its exact origin cannot be established solely from noise measurements.   

 

 
Fig. 4. (a) Log-log flicker noise, sampled at 4 Hz, in the S7 and S12 devices as a function of photocurrent.  Black 

lines represent a fit to a generic power law.  (b) The GR noise magnitude as a function of photocurrent, showing a 

square root dependence.  (c) Extracted GR timescale as a function of photocurrent.   

 

 Figure 4(b) shows the magnitude of the GR noise as a function of photocurrent, which appears to follow 

a square-root dependence. The relaxation exponent, b, was found to be 0.32, indicating a moderate dispersion of 

the relaxation time.  Most importantly, the inverse relaxation time was found to vary linearly with photocurrent 

(Fig 4(c)).    

 Phenomenologically, the recombination rate in semiconductors depends on the number of carriers 

involved in the elementary recombination process and, in the simplest case when electrons and holes have the 

same concentration n , can be written as [27,28], R(n) = k
1
n+ k

2
n

2
+ k

3
n

3. The three terms in  this equation  

represent monomolecular recombination involving an intermediate step of capture by a trap, bimolecular 

recombination involving two carriers as in band-to-band recombination, and trimolecular recombination involving 

a third particle as in an Auger process.  Noise spectroscopy measures relaxation time of small fluctuations from a 

steady state value 
0n , which is  ( )

0

1
( ) /

n
R n n

−
=   . Under constant illumination, the solar cell photocurrent is 

proportional to the steady state, non-equilibrium concentration of carriers. Hence, the experimentally observed 

linear dependence of 1 /  on current allows us identify the microscopic process as bimolecular recombination, 

2 021/ SCk n I =  . 

To compare our results quantitatively with values of the recombination time obtained by other methods, 

we need to extend it to the standard condition of 1 sun as depends on light intensity.  For the S12 device, the 

highest intensity shown in Fig. 4(c) corresponds to 568 mAof photocurrent or current density of 3.1 mA/cm2.  

Under 1 sun illumination, our devices exhibit typical currents of 3.5-45.mA or 20-25 mA/cm2.  Assuming that the 

recombination rate continues to grow linearly with photocurrent, we can extrapolate Fig. 4c to 1 sun photocurrents 

and estimate that 1sun 5 μs  . This number has the same order of magnitude as the lifetime reported for a series 
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of MAPb(I1-xBrx)3  perovskites, 1sun 0.4 2 μs  −  [29] and is roughly consistent with the conclusion made in Ref. 

[30] that under ambient sunlight the electron-hole recombination is very slow, on the timescale of tens of 

microseconds.  

In summary, noise spectroscopy has uncovered several relaxation processes in MAPbI3 photovoltaic 

cells.  We observe shot noise with near-unity Fano factor in devices with different thickness indicating that shot 

noise is dominated by single element of the cell, most probably the perovskite/spiro-OMeTAD interface.  The1/f 

noise has contributions both from the light-absorbing perovskite layer and interfaces and its dependence on 

photocurrent indicates presence of defects induced by light and/or current. We also observe a GR contribution, 

corresponding to the bimolecular recombination in the bulk perovskite. The GR relaxation time agrees with the 

values reported in literature. Our analysis of the noise data relies on the spatial selectivity property of current 

noise spectroscopy, in which the most resistive elements in the device dominate the noise profile.  This advantage 

should be useful for other devices with a complex stacked structure. 
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