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This dissertation records detailed applications of concepts and techniques in physical 

chemistry to a wide range of systems. Topics include: 1) A review of electrical scanning probe 

microscopy (SPM) methods for analyzing properties of solar energy materials, particularly 

organic photovoltaics (OPVs), on the nanoscale. 2) Detection of charge traps induced by 

photooxidative damage in bulk heterojunction (BHJ) OPVs via time-resolved electrostatic force 

microscopy (tr-EFM). 3) Development of a novel SPM technique with sub-microsecond time 

resolution. 4) Investigation of the morphology dependence of charge trap formation in BHJ 

OPVs using tr-EFM. 5) Direct observation of hallmarks of micron-scale liquid-liquid phase 

separation in the membranes of unperturbed, living cells via fluorescence microscopy. 6) A 

scientific investigation of the Indianapolis Museum of Art’s (IMA) Madonna and Child 

(IMA#51.98), a modern fake of a Trecento panel painting attributed to the artist, restorer, and 

forger Icilio Federico Joni. This body of work underscores the applicability and value of methods 



 

in physical chemistry to quantitative problems important in a wide range of fields. Here, those 

fields include solar energy, membrane biophysics, and cultural heritage. 
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Chapter 1. ELECTRICAL SCANNING PROBE MICROSCOPY ON 

SOLAR CELL MATERIALS 

Reproduced with permission from “Electrical Scanning Probe Microscopy on Solar Cell 

Materials” in Scanning Probe Microscopy for Energy Research, Rajiv Giridharagopal, Glennis 

E. Rayermann, and David S. Ginger. Editors: Dawn A. Bonnell and Sergei V. Kalinin. Copyright 
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inorganic photovoltaics. I co-edited all drafts of the chapter. I generated Figure 1.6 with design 

input from my co-authors. 
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1.1 INTRODUCTION 

Solar power is a compelling research topic because sunlight is the most abundant 

renewable energy source available. However, deploying solar power on the terawatt scale 

necessary to achieve a global impact on our energy supply is a major undertaking. Such an effort 

will benefit from new materials that can lower systems costs while requiring less energy to 

manufacture. To this end, a host of nanostructured materials are being explored for next 

generation solar cells. These materials range from nanocrystal quantum dots for carrier 

multiplication1,2 to colloidal inks for printed CIGS and CZTS cells3–7 and from nanostructures for 

enhanced light trapping8,9 to nanostructured bulk heterojunctions to achieve large internal surface 

area in organic photovoltaics (OPVs).10–16 Beyond the active semiconductor layers, the 

transparent conductive oxides that are widely used as contacts in thin film solar cells are also 

known to exhibit nanoscale heterogeneities that could affect device performance.17,18  

Characterizing how local structural and electronic heterogeneity affect solar cell 

performance is thus an important challenge facing many thin film solar cell technologies — 

including both organic bulk heterojunctions as well as solution processed inorganic thin 

films.11-14 From a fundamental standpoint, it is important to understand the microscopic origins 

of photocurrent, recombination centers, defect propagation, and so on. From an engineering 

perspective, there is a great demand to accelerate the rate at which laboratory scale “champion 

cell” efficiencies are translated to manufacturing scales. In many cases, changes in film 

morphology due to changes in processing conditions are culprits in the ensuing efficiency losses, 

and the ability to examine how local performance is degrading in parallel with local structure is 

needed to speed up this translational work.  
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Scanning probe microscopy (SPM) techniques are ideally suited to these challenges 

because they can probe functioning solar cell materials and devices under operating conditions. 

While most modern analytical and microscopy methods have important roles to play in 

understanding materials for next generation solar cells, SPM methods are unique in their ability 

to directly correlate local film structure with local properties such as photocurrent, carrier 

mobility, recombination rate, and photovoltage. Although SPM is often thought of as a surface 

technique,19 and this may be true of topography-only images, functional SPM methods can 

convey information about processes occurring throughout the depth of a film — even probing 

buried interfaces.20–22 

In this chapter, we discuss some of the basic applications of these electrical and 

optoelectronic scanning probe microscopy methods for probing thin film photovoltaic systems. 

Rather than providing a comprehensive review, we emphasize practical aspects of implementing 

and interpreting SPM on thin film solar cells and review some of the key concepts related to the 

theory of these SPM methods under common experimental conditions. Because many examples 

are drawn from our own research, there is a natural bias towards the discussion of organic thin 

film materials. Nevertheless, many of these techniques can find analogous applications in 

inorganic thin films.23,24  

While the physics of organic solar cells has been reviewed elsewhere10,16,25,26 we provide 

a brief summary of the relevant device structure and operational principles here, because they are 

important to many of the example systems discussed below.  

In organic semiconductors, light absorption produces neutral singlet excitons with a 

Coulombic binding energy of ~0.5 eV. To generate a photocurrent, these excitons must be 

dissociated at an interface, typically one between two semiconductors with different electron 
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affinities. The role of nanoscale film texture (morphology) is critical because there is an inherent 

length mismatch between the ~10 nm exciton diffusion length in organic semiconductors and the 

150–200 nm thickness required to absorb a significant proportion of incoming light. To account 

for both of these issues, the active layer in organic devices is often a bulk heterojunction, 

wherein the electron donor and electron acceptor materials are co-deposited onto the substrate to 

form an active layer of thickness ~100–200 nm, with interpenetrating nanoscale domains of 

donor and acceptor.11,13 Bulk heterojunction structures are usually achieved by mixing a 

conjugated polymer and fullerene derivative together in a common solvent, though other work 

has focused on vacuum co-deposition of semiconducting oligomers and fullerenes,27 or 

conjugated polymers and inorganic nanocrystals28–32 to achieve the same effect. In the ideal case, 

the resulting layers possess both a large interfacial surface area between the donor and acceptor 

domains as well as interconnected pathways for all carriers to reach the extracting electrodes.  

We summarize some typical scanning probe methods in Table 1.1. The different methods 

each have unique applications to energy systems. cAFM and pcAFM are contact-mode 

techniques, while EFM, SKPM, and trEFM are noncontact mode techniques. There are some 

limitations to these methods, which are discussed further below. Though STM use is widespread 

in the semiconductor literature,33 we do not discuss it here because the conductivity variations in 

typical organic bulk heterojunctions impede many STM experiments. 
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Table 1.1. Some types of scanning probe methods commonly used on solar cells. 
 

Method Resolution 
(nm) Selected Uses in Energy Systems 

Electrostatic Force 
Microscopy (EFM) 

  

<50 Charge trapping/injection via 
measuring potential/field profiles 

Scanning Kelvin 
Probe Microscopy 
(SKPM) 

 

<50 Photovoltage, work function 

Time-Resolved 
Electrostatic Force 
Microscopy (trEFM) 

 

<80 Quantum efficiency mapping, 
transient charging, 
photodegradation/trap formation 

Conductive Atomic 
Force Microscopy 
(cAFM) 

 

5-10 Hole and electron transport, local 
mobility, materials contrast by 
injection barrier 

Photoconductive 
Atomic Force 
Microscopy (pcAFM)  

 

5-10 Photocurrent, local light I-V curves 
and mapping 

Scanning Tunneling 
Microscopy (STM) 

<1, atomic Molecular charge transfer, density of 
states mapping 

 

1.2 CONDUCTING ATOMIC FORCE MICROSCOPY (CAFM) 

Conducting atomic force microscopy (cAFM) is usually implemented as a contact-mode 

technique that simultaneously records topography and electrical current information. Unlike 

STM, which uses tunneling current as a feedback mechanism, cAFM uses force feedback. The 

tip is brought close to the surface until it is deflected by a preset value, effectively contacting the 

film at constant force. In cAFM, a voltage is applied between a metal AFM tip and a substrate 

and the current is recorded at each pixel in the image, yielding a current map with spatial 

resolution close to that of the tip radius. If the tip position is held constant and the voltage swept, 
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a local I-V curve is acquired. It is possible, though time-consuming, to record such curves at each 

pixel to yield a rich set of electrical information about the substrate.  

In solar cell materials, particularly nanostructured bulk heterojunction systems, cAFM 

data are useful for probing the lateral variation in photocurrent, as well as the extraction or 

injection of either electrons or holes, depending on the bias polarity.34,35 The injection barrier 

heights as a function of bias can be used to map materials composition at the surface, which in 

heterogeneous solar cells is not always obvious from the topography.36,37  

cAFM is commonly used in inorganic systems as well. Conductive AFM has been 

employed to image the local current variations of amorphous and crystalline silicon, silicon 

nanowires, and mixed-phase silicon,38–42 grain boundaries in CIGS24,43 and CdTe,44 antiphase 

domains of GaAs on Ge,45 and ZnO nanorods used for dye-sensitized solar cells.46 Furthermore, 

cAFM can be used to collect I-V curves at specific locations, such as on individual ZnO 

nanorods,46 random vs. (112)-preferential CIGS films in order to distinguish between 

recombination- and diffusion-dominated current,43 or on individual silicon nanowires to 

determine their conductivity and resistivity.38  

Solar cells are photodiodes, so cAFM I-V data often yield diode-like curves. In effect, the 

tip forms the top contact of a transient nanoscopic device pixel. However, when performing 

cAFM on either organic or inorganic materials, one should always keep in mind that the 

tip/sample contact is both physically and chemically different from the top contact that is used in 

a completed device structure. For example, it is possible to measure relative local charge 

mobilities by making space charge limited current (SCLC) measurements with cAFM.47–49 

However, extracting quantitative local mobility values requires accounting for the local tip 

geometry, dielectric factors, and sample thickness.48  
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We note that the physical contact of the tip with the sample in cAFM is both a strength 

and a weakness. As a strength, it provides robust topographic feedback on samples that would be 

difficult or impossible to image with STM due to regions of low conductivity. As a weakness, it 

means both the tip and sample are subject to potential wear. In practice this means the user must 

often optimize both the tip material and set point force and approach the imaging of any new 

system with care. A quick way to assess physical sample damage is to image a small area, then to 

widen the scan area to image a larger region containing the previous image. On the other hand, 

damage to the tip can be harder to spot, aside from decreases in current or resolution over the 

course of an image set. Fortunately, there is a wide range of commercially available conducting 

tips, from Au and Pt coated cantilevers to doped diamond and metal carbide tips that one can 

experiment with.  

 
Figure 1.1. Correlated topography, dark hole current (+3 V applied to the tip), and 
dark electron current (−3 V applied to the tip) on a P3HT nanowire: PCBM film 
with 0 and 5 minutes pre-spin drying time.35  
 

We have generally found that working in adhesive contact mode works well for soft 

samples, even permitting the imaging of polymer nanowires solar cell blends formed using 
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different processing steps (Figure 1.1).35 The voltage polarity allows us to map the electron and 

hole current over the same area, and the relative current magnitudes can be used to determine the 

composition of the top layer. However, while adhesive mode is attractive from both a tip and 

sample wear perspective, it can be challenging to implement even for an experienced user.  

1.3 PHOTOCONDUCTIVE ATOMIC FORCE MICROSCOPY (PCAFM) 

Conventional cAFM requires a bias in order to generate a current. However, in a solar 

cell under illumination there is a current even at 0 V bias (called the short-circuit current, JSC). 

The JSC and the open-circuit voltage VOC are two of the critical metrics in evaluating a solar 

cell’s efficiency. In AFM, it is possible to generate a photocurrent image similar to the current 

images in conventional cAFM by illuminating the tip-sample junction. The laser generates 

photocurrent, which at 0 V bias corresponds to a local JSC. This technique, photoconductive 

AFM (pcAFM), measures lateral variations in photoinduced charge generation and collection 

over the surface. Sweeping the voltage yields I-V curves spanning JSC to the open circuit voltage 

VOC. pcAFM is one of the more popular AFM methods to combine both optical and electrical 

information on organic materials.34,35,37,50-54 pcAFM is applied to inorganic semiconductors as 

well, and has aided investigations into the underlying causes of difference in performance on 

ZnO nanorods55, 56 and grain boundaries in CIGS.
24  

Because of the small contact area from the tip, generating an easily measured current in 

pcAFM can require a fairly high optical power density. A decent solar cell might have a short 

circuit current density on the order of ~10–30 mA/cm2. Operating at 1 sun illumination, an AFM 

tip with a 40-nm-diameter contact would thus be expected to generate a DC photocurrent on the 

order of only ~100–300 fA, which can be experimentally challenging to measure while imaging. 

If one does measure pA photocurrents with only 1000 W/m2 intensity, it is easy to conclude that 
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the photocurrent is being collected from an area much larger than the tip size — even if the 

experiment is able to resolve very fine features (often due to surface/contact variations).  

To circumvent this intensity/current bottleneck, we have favored implementing pcAFM 

using a diffraction limited laser spot co-aligned with the AFM tip.14 A diffraction limited laser 

spot from a small laser can easily achieve an intensity that is tens or thousands57 of times that of 

natural sunlight, bringing the measured currents up to the level of pA or tens of pA.  

The advantage of using a very small laser spot at these high intensities is that the total 

power delivered is still very low and is delivered into a small volume with a large surface area, 

which helps to minimize any appreciable sample heating57 and limits accelerated 

photodegradation from areas of the device that are not being imaged. Nevertheless, if the goal is 

to map short circuit current, care must be taken so as not to drive the device into a current density 

range where higher-order recombination processes dominate. It is good practice to measure the 

current density as a function of light intensity, and to work in the linear range (assuming the 

device being studied gives a photocurrent linear with light intensity near AM1.5) whenever 

possible.50,58  

As noted in the cAFM section, using a soft setpoint (at least for organic PV 

measurements) is often required because of the soft nature of these materials. Even with low 

setpoints, mechanical damage can still occur, thereby making it impossible to reliably image the 

same area of the film twice (to correlate pcAFM and dark cAFM over the same features, for 

example). Some particularly soft or sticky polymer surfaces require that the setpoint be set to 

negative deflection after engaging the surface, which results in an “attractive mode” cAFM or 

pcAFM image.35 Measured currents tend to be lower because the tip is in softer contact with the 

surface, and the drift must be minimal or the feedback loop may disengage the tip from the 
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surface. However, this technique allows for repeatable imaging over most OPV systems with 

limited damage assuming that current preamplifier signal:noise and lateral drift are kept 

sufficiently low.  

The pcAFM method can be a powerful probe of the active layer of a solar cell. Our group 

has shown with pcAFM that most bulk heterojunction solar cells can be viewed as a parallel 

array of solar cells wired together, each with different performance. The result is that there is 

often a wide distribution of JSC values across a device, with some areas of the film working more 

efficiently than others.  

 
Figure 1.2. Topography, pcAFM short-circuit photocurrent (0 V applied), cAFM 
dark hole current (+5 V applied to the tip), cAFM dark electron current (−5 V 
applied to the tip) for an annealed P3HT:PCBM blend.34 
 

pcAFM can also be used to look for particular bottlenecks in device performance. For 

instance, in Figure 1.2 it is clear that the short-circuit photocurrent, and electron and hole dark 

currents, are not strongly correlated. This is because dark currents require a connected pathway 
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between the top surface and bottom electrode for injection and extraction of the same carrier 

type, while the photocurrent requires a donor-acceptor interface and paths for electrons and holes 

traveling in opposite directions.  

 
Figure 1.3. (a) Topography, pcAFM short-circuit photocurrent, and spatial 
distribution in the short-circuit photocurrent with changes in light intensity. (b) 
VOC (circles, right axis) and ISC (squares, left axis) as a function of light intensity 
measured from I-V curves on the surface. The black dashed line fits the VOC data 
using the intensity-dependent VOC expression found in Reid et al. Journal of 
Applied Physics 108, 084320 (2010). (c) Simplified schematic for a 
polymer:fullerene system showing how the VOC vs. light intensity slope changes 
with vertical anisotropy. All data were taken with a 532 nm laser.57 
 
Going beyond 2D imaging, it is possible to use pcAFM to infer information about local 

vertical film structure by examining the intensity dependence of pcAFM data.57 In Figure 1.3, the 

surface shows the surprising result that not only the magnitude, but also the sign of the short-
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circuit photocurrent varies with position, an effect which is amplified as the laser intensity 

changes.  

This varying contrast can occur when the drift current (due to the work function 

difference of the tip and substrate) and the intensity-dependent diffusion current from 

photogenerated charge gradients (which depend on local junction orientation) have different 

signs. At a high enough intensity, the diffusion current dominates; depending on the vertical 

structure, this effect could cause the photocurrent to switch directions.57 The slope of the VOC vs. 

intensity plot in Figure 1.3(b) can be viewed as an ideality factor. If one were to raster scan a 

laser while, at each point, controlling the intensity, it would in principle be possible to construct 

an ideality factor map. This effect also underlies an important experimental detail in pcAFM — 

the intensity should be calibrated and kept constant across samples if they are to be compared 

with confidence. 

Indeed, interpretation of pcAFM data can be complicated in part because most 

conductive tip coatings are high work function materials (Au or Pt/Ir). In “normal” OPV cell 

architectures (as opposed to “inverted” architectures59,60), electrons are extracted through the top 

of the device. However, the high work function tip favors hole extraction. Hamadani, et al. 

showed that using low work function tips (e.g. doped diamond) on normal devices and high work 

function tips on inverted devices yield the correct I-V curve behavior, though there is a 

significant reverse bias photocurrent in pcAFM whose origin is under debate.52 Additionally, the 

quantum efficiencies for photocurrent extraction using pcAFM can sometimes be orders of 

magnitude lower than that in a typical device, in which case it can be hard to quantitatively 

correlate the data with device external quantum efficiencies. This issue is compounded by the 

difficulty in acquiring multiple images on a surface before the tip is irreparably damaged.  
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pcAFM is a powerful optoelectronic tool. However, it must be applied with care, 

calibrated, and compared against device measurements for each new materials system. It is 

possible that noncontact techniques may offer more routine alternatives, at the cost of developing 

more complicated instrumentation. 

1.4 AC-MODE AFM 

AFM is often performed in non-contact/intermittent-contact mode61 rather than in the 

contact mode used in cAFM. This method is called by a number of different names in the 

literature: AC mode, intermittent-contact, or tapping mode. Here, we use AC mode. An AFM tip 

can be regarded as a damped driven harmonic oscillator (DDHO). The cantilever has a resonance 

frequency determined by its mass and spring constant. In AC mode, the cantilever is driven at (or 

near) its resonance frequency to induce oscillation, and its subsequent motion can be described 

by the familiar DDHO equation:62  

 d 2z
dt2

+ 2β dz
dt
+ω0

2z = (F0 /m)cos(ωt)   (1.1) 

where z is the tip displacement, ω is the driving voltage frequency applied to the tip, ω0 is 

the cantilever resonance frequency and is determined by the cantilever spring constant k and 

mass m, β = ω0/2Q is the damping factor where Q represents the cantilever quality factor, and F0 

is the driving force applied to the cantilever. As the tip approaches the surface, Van der Waals 

attraction provides a damping force that reduces the oscillation amplitude. The feedback loop in 

AC mode most commonly adjusts the z-position of the tip to maintain a constant oscillation 

amplitude, and the z-position is then mapped as the topography of the substrate. If an additional 

loop is used to respond to changes in the resonance frequency of the cantilever due to interaction 

with the substrate, then so-called frequency modulation AFM (FM-AFM) can be performed.63  
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While FM-AFM topographic imaging is comparatively rare in ambient environments due 

to the additional complexity, the idea of measuring frequency shifts underpins many advanced 

electrical scanning probe techniques. For example, say the tip is oscillated at or near its 

resonance frequency above the sample surface outside of the range of Van der Waals forces but 

close enough to be affected by longer range interactions such as electrostatic forces. In this 

regime, changes in tip-sample interactions such as capacitance or surface potential can then be 

mapped as a function of position. In this case, we should rewrite Eq. (1) as:  

 d 2z
dt2

+ 2β dz
dt
+ω0 (t)

2 z = (F0 /m)cos(ωt)+Fe(t) /m  (1.2) 

where Fe is some time-dependent external force, such as electrostatic or magnetic forces acting  

on the cantilever, and ω0 (t) now is time-dependent. Any variations in Fe will result in changes in 

the force gradient, (∂F/∂z), which is proportional to changes in the resonance frequency, ∆ω0. 

The change in cantilever resonance frequency is proportional to the differential capacitive 

gradient in the tip-sample direction and exhibits a quadratic dependence on the voltage 

difference between the tip and the sample:64 

 Δω0 ∝
∂ 2C
∂z2

(Vtip −Vsurface )
2  (1.3) 

The interaction between tip-sample forces can be detected either in terms of changes in 

cantilever amplitude or frequency. If the cantilever is driven at a constant frequency while 

experiencing an electrostatic force gradient, the amplitude and phase will decrease and increase, 

respectively. In amplitude detection, changes in the force are detected by changes in the 

cantilever oscillation amplitude magnitude, while in force detection changes in the force gradient 

are detected as shifts in the cantilever phase relative to the drive signal and a shift in the 

cantilever resonance frequency. This effect is illustrated in Figure 1.4(a). As the voltage is 
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applied, the tip resonance frequency decreases as per Eq. Δω0 ∝
∂ 2C
∂z2

(Vtip −Vsurface )
2  (1.3). 

In this case, the photovoltaic sample also exhibits a further shift in resonance frequency when 

illuminated due to the accumulation of photoinduced charge. Similarly, if the tip voltage is swept 

across a wide range, it is easy to observe the parabolic shape of the resonance frequency vs. 

voltage curve predicted by Eq. Δω0 ∝
∂ 2C
∂z2

(Vtip −Vsurface )
2  (1.3) [Figure 1.4 (b)].  

 
Figure 1.4. (a) Cantilever oscillation amplitude curves on an organic photodiode 
(PFB:F8BT) taken at 0 V (black), 10 V (blue), and 10 V under 405 nm 
illumination (pink), across a range of drive frequencies. (b) Example of the 
frequency shift response showing the expected quadratic dependence on applied 
voltage as well as the change in differential capacitance gradient due to 
illumination. Data were taken at 10 nm above the same sample with 
approximately 1590 W/m2 intensity.99 

 

The frequency shift occurs faster than the natural cantilever time constant,63,64 while at 

the same time being less sensitive to tip and cantilever beam effects, therefore the FM method 

often yields better results, particularly in electrical methods. Since the longer-range forces 

detected in non-contact mode are dependent upon tip-sample distance, it is imperative that this 

distance be held constant as data is collected. In a two-pass frequency shift method, the AFM 

initially takes a normal topography scan across a single line. On the retrace over the same line, 

the tip is raised ~10–50 nm and the recorded height data is used to keep the tip-sample distance 

constant. In the frequency shift-detection method, an additional feedback loop is used on the 
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retrace to record the phase and frequency of the cantilever’s oscillation. The feedback loop on 

the retrace can be implemented in different ways: we base ours on the change in resonance 

frequency and the AFM controller changes the driving frequency to keep the relative phase 

constant but an alternative implementation is to keep the resonance frequency constant by 

changing some parameter like tip voltage. In SKPM, an additional feedback loop is required, as 

we discuss below. 

1.5 ELECTROSTATIC FORCE MICROSCOPY (EFM) 

We cover electrostatic force microscopy (EFM) briefly because it is of relevance to the 

topics below, though we note that EFM methods have been reviewed in detail elsewhere.14,64,79 

Depending on the feedback mechanism, EFM measures variations in the electrostatic force 

and/or force gradient that arise from local differences in chemical potential and/ or dipole 

moment.64 In a popular implementation of EFM, a constant voltage is applied between the 

sample and a conductive cantilever and the total shift in resonance frequency at each point above 

the sample is recorded. Typically, the shift is recorded while the cantilever is retracted from the 

topography during the retrace in a two-pass scan as described above. The resolution of EFM is in 

the tens of nanometers. Interpretation of EFM data can be made problematic due to issues of the 

cantilever and beam effects,65,66 tip shape,65 and scan height.67 Beam effects are reduced in 

gradient detection,68 as mentioned above, but must be considered nonetheless.  

Keeping these factors in mind, EFM can be extremely powerful. For instance, the data 

extracted from EFM can be used to quantitatively map charge trapping within a semiconductor 

layer.69–71 By measuring the electrostatic potential as a function of position, then taking the 

derivative to find the electric field, the Marohn group has been able to make direct tests of 

different models of carrier injection at the metal/semiconductor interfaces72,73 in organic field-
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effect transistors. EFM has also been used on solar cells like CdTe/CdS, GaInP and 

GaInP/GaAs/Ge devices to indentify the n-p74 and triple junctions present75 and to study carrier 

transport in systems of relevance to solar energy harvesting like PbSe quantum dot arrays.76 If 

illumination is used, comparing the EFM data can shed additional light on the system of interest. 

EFM under illumination was used to study photocharging of pentacene islands77 and alignment 

at pentacene-metal interfaces.78 In GaInP2, it was reported that the EFM profile changes 

significantly at the front window and back surface field regions as the light intensity increases, 

with the ultimate effect being evidence of enhanced VOC.74  

EFM is particularly valuable because it can yield information about trap character and 

defect density in devices. Wavelength-dependent spectra of potential drops measured via EFM 

were used to investigate the trap-clearing mechanisms in pentacene thin film transistors.70 

Degradation mechanisms are important to understand for many photovoltaic technologies, and 

we anticipate similar approaches will be utilized on solar cells. 

1.6 SCANNING KELVIN PROBE MICROSCOPY (SKPM) 

SKPM is one of the most common electrical scanning probe methods.79 It is available on 

many common commercial AFM systems, but the exact details of implementation (amplitude 

feedback, frequency shift feedback, ambient, ultrahigh vacuum) vary widely from one machine 

to another. As noted above, frequency shift methods are generally viewed as more robust. 

Regardless of implementation, SKPM provides a measure of the contact potential difference 

(CPD) between a reference probe and the substrate, measured by nulling out the force or force 

gradient signal with a feedback loop that adjusts a tip-sample bias to null out the CPD.14 Thus, 

SKPM is a relative measurement. If one has a reference sample with a known work function, 

then it is possible to use SKPM to measure relative local work function variations in an unknown 
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sample. However, exact comparisons between values from SKPM and values from methods like 

ultraviolet photoemission (UPS) are not generally expected to exhibit quantitative agreement 

unless SKPM itself is done in UHV on meticulously clean materials, as most surfaces exhibit 

work function shifts of several hundred meV upon exposures to any kind of atmosphere.80  

SKPM provides a powerful way to study the lateral variations in energetic properties on 

organic devices, ranging from charge injection in polymer transistors79,81,82 to spatial variations 

in potential distributions and bottom contact transport rates in organic solar cells.83–86 Several 

studies have been performed with SKPM on the nature of band bending at grain boundaries in 

CIGS,87,88 including the influence of crystal orientation,23,89 the vertical structure of the grains,88 

and what model best describes the band bending.23,90 SKPM is also useful in evaluating potential 

profiles in cross-sectional samples.87,91  

In fact, not only does SKPM offer high spatial resolution for local work function 

measurements, but it too can be combined with photoexcitation. If two SKPM images are taken, 

one in the dark and one under constant illumination, the difference provides a surface 

photovoltage image.82,83,85,92,93 Surface photovoltage is a well-established technique for 

measuring properties such as diffusion lengths and band bending in bulk solar cell materials. 

SKPM combined with optical excitation thus offers the potential to map these properties with 

nanoscale resolution. For instance, surface photovoltage data have used to study cross sections of 

III-V CuGaSe2 devices, where they used the photovoltage to describe a possible band diagram.91  

In nanostructured organic solar cells, SKPM and surface photovoltage studies have 

provided much valuable information82–85,92 but sometimes have been a challenge to interpret. For 

instance, SKPM often shows the expected contrast change between the donor and acceptor 

materials under illumination: the donor often becomes more positively charged relative to the 
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acceptor. However, both the donor and the acceptor domains often show net negative overall 

absolute shifts relative to the dark.83,85,94 Kemerink and coworkers have explained this shift in 

terms of the relative rates of charge transfer, generation, and recombination/extraction at the 

bottom contact.85 An example of this is shown in Figure 1.5 with a photovoltaic blend of poly[2-

methyloxy-5-(3′7′-dimethyloctyloxy)-p-phenylene vinylene]:1-(3-methoxycarbonyl)-propyl-1-

phenyl[6,6]C61 (MDMO- PPV:PCBM). This material is known to form PCBM-rich regions 

surrounded by a matrix of approximately 1:1 MDMO-PPV:PCBM.50,57,95 After illumination, the 

entire surface exhibits a negative shift in potential, as opposed to only the acceptor-rich domains 

(as many had expected). This effect is attributed to the excess electrons generated in the MDMO-

PPV:PCBM matrix due to efficient hole transport to the bottom electrode. The electrons can 

laterally diffuse into the PCBM-crystallite regions, and thus the entire surface contains excess 

negative charge and the contrast shifts accordingly.  

 
Figure 1.5. SKPM data taken in the (a) dark, (b) under white light illumination, 
and (c) after illumination of a MDMO-PPV:PCBM film. The scale in each of the 
images is from 0–20 meV. The contrast between the dark and light can be 
interpreted in terms of lateral electron diffusion from the MDMO-PPV:PCBM 
matrix to the PCBM crystallites.85 
 
Variations in domain connectivity in both the lateral and vertical film morphology can 

also play a role in image contrast, and SKPM and surface photovoltage data have also been used 

to infer vertical film structure.84,92 While these different pictures are not necessarily mutually 

exclusive, they are not always perfectly self-consistent either, and we note that the interpretation 

of surface photovoltage contrast in different specific organic photovoltaic system remains a 
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subject of active research. As is true of almost any technique, it is often helpful to seek 

independent confirmation of structural models inferred from SKPM data on organic systems.  

SKPM and surface photovoltage have also been used to measure aging and stability in 

organic solar cell materials.21,96 However, at least for some materials, the trap density required to 

generate contrast in a surface photovoltage image can be quite severe in terms of overall device 

performance, motivating the search for more sensitive local probes such as trEFM.21  

1.7 TIME-RESOLVED ELECTROSTATIC FORCE MICROSCOPY (TREFM) 

Traditional EFM and SKPM are powerful tools, but they only measure steady-state, or 

near steady-state, behaviors occurring on time scales on the order of seconds or longer. As a 

result almost all transient information of relevance to solar cell operation is lost. As noted above, 

the equilibrium properties accessible via EFM or SKPM can provide information about certain 

specific processes (the use of surface photovoltage to measure carrier diffusion lengths for 

instance),97 or can be used to measure the evolution of properties over long times (trapping over 

minutes to hours).98 However, many transient properties can be difficult to access with EFM or 

SKPM, a problem we address with time-resolved electrostatic force microscopy (trEFM).  

As the name implies, trEFM involves measuring the cantilever dynamics following a 

change in the electrical properties of a sample (such as induced by a voltage or light step or 

pulse) and using that dynamic information to study the material underneath the scanning probe 

tip. Since we are interested primarily in photovoltaic systems in this chapter, we will mainly 

consider the response of the cantilever following a change in the illumination (such as a step 

change from dark to light). Experimentally, such transient perturbation can be conveniently 

provided at intensities both above and below AM 1.5 by an LED focused on the sample plane 
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and coaligned with the tip. In trEFM, a voltage is applied followed by an LED pulse for 

photoinduced charge generation.  

 
Figure 1.6. (a) Schematic of the trEFM instrumentation. Shown in the inset is a 
diagram of the triggered voltage pulse (green), LED light pulse (purple), and tr-
EFM frequency shift (black) with the exponential fit region highlighted. (b) 
Schematic of the FF-trEFM instrumentation. The inset diagrams show the 
demodulated instantaneous frequency response in the dark and the light, as well 
as the time to first frequency peak. 
 

The initial voltage causes a frequency shift due to the electrostatic force as in steady-state 

EFM [Figure 1.6(a) inset]. After illumination, the photoinduced charge carriers generated by the 

LED in the active material move to the top of the sample due to the tip-sample bias. The 

accumulated charge beneath the tip changes the electrostatic force and force gradient. Another 

way to view this is that the tip-sample capacitor plate distance is changing with time as the 

charges fill the top surface of the film. The resonance frequency is recorded with time and 

exhibits near single-exponential behavior during the photoinduced charging process. This 

process is shown schematically in Figure 1.6(a) where the resonance frequency shift decays 

exponentially to a new equilibrium value. Fitting a single exponential function to this decay 

yields the local charging time constant and thus the charging rate, and the process is repeated at 

each pixel along the retrace to generate a charging rate image.  
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Frequency-shift detection provides the basis for trEFM operation. Figure 1.6 illustrates 

two methods for detecting transient force gradient information, with and without a feedback 

loop. We have successfully utilized a frequency-shift feedback loop to measure the cantilever 

frequency with a time-resolution of ~100 microseconds [Figure 1.6(a)].21,58 Recently, we have 

shown it is possible to discriminate transient rise times as short as ~100 ns, if one bypasses the 

feedback loop [Figure 1.6(b)] and extracts the rise time of the transient through an analysis of the 

raw displacement vs. time data.99  

In the trEFM method in Figure 1.6(a), the feedback loop uses a lock-in amplifier 

implemented in the AFM controller to measure the change in phase between the cantilever 

oscillation and the driving signal as the resonance frequency changes due to the electrostatic 

force gradient. The feed- back loop then adjusts the drive frequency to maintain a constant phase 

and keep the tip on resonance. By recording these changes in drive frequency as a function of 

time, the ∆f curves at each pixel can be constructed. The gains for this phase feedback loop are 

optimized to minimize ringing in the ∆f response after the bias is applied but before the light is 

turned on. Inherent in the trEFM method are two practical consequences: the feedback loop 

bandwidth (currently ~10 kHz) and the signal:noise of the phase or frequency response. In the 

former case, the ultimate time- resolution is intrinsically determined by the speed of the feedback 

electronics while in the latter case, the S/N detection limit is dependent upon the feedback loop’s 

sensitivity to the gain settings. While trEFM lends itself to mapping local efficiency on 

photovoltaic samples, these feedback limitations mean that either <1 Sun intensities and/or low-

efficiency materials below the current state-of-the art must be used in these studies.  

The motivation for using trEFM rather than SKPM or EFM is evident when looking at 

photocurrent in an organic solar cell. Photocurrent (charge collected per unit time under 



23 

 

illumination) cannot be effectively probed by traditional EFM or SKPM methods. As an example 

Figure 1.7 compares the external quantum efficiency (EQE) and the surface photovoltage 

measured for a model organic solar cell over a range of active layer formulations. As the blend 

composition is changed, the EQE first increases by nearly a factor of ~100×, peaks, then 

decreases by ~100× due to changes in the semiconducting active layer. In contrast, the 

accompanying surface photovoltage measured by SKPM changes only monotonically, and by 

only about 100 mV. Although photocurrent (and thus EQE) can be mapped by pcAFM, it is 

difficult to make pcAFM completely quantitative due to tip contact effects as noted above.37 

Here, we consider how time-resolved electrostatic force microscopy methods (trEFM) can be 

used to map dynamic variables like photocurrent, trapping, and charge recombination.  

 
Figure 1.7. Spatially-averaged surface potential (left) and external quantum 
efficiency (right) as a function of composition ratio in a PFB:F8BT bulk 
heterojunction blend. 
 

trEFM essentially measures the time it takes to charge the tip-sample capacitor with a 

photocurrent at each pixel, which can thus be used to map local photoactivity of a thin 

semiconductor film (Figure 1.8(a)). If the top contact is not a bottleneck in the completed device 

structure, trEFM can provide quantitative information about local quantum efficiency. We have 

shown that the spatially-averaged charging rate values measured by trEFM correlate to EQE 

values measured on a finished solar cell for multiple materials, under different conditions [Figure 

1.8(b)].21,58,99 In other words, once calibrated, Figure 1.8(b) shows that trEFM can predict the 
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external quantum efficiency of a given solar cell simply by taking an image of the active layer 

material prior to deposition of the top contact.  

 
Figure 1.8. (a) trEFM topography and charging rate images for a poly[(9,9′-
dioctylfluorene- alt-(bis(N,N′-(4-butylphenyl))-bis(N,N′-phenyl-1,4-
phenylenediamine)] (PFB) and poly[9,9′-dioctylfluorene-alt-1,4-
benzothiadiazole] (F8BT) film; (b) a graph of trEFM charging rate correlated with 
device EQE.58 
 

Aside from being predictive of performance, trEFM data are also highly sensitive to local 

trapping. For example, as shown in Figure 1.9, trEFM can be used to map trap formation in a 

solar cells at levels below those accessible by SKPM techniques.21 To produce Figure 1.9, a 

semiconducting polymer blend of PFB:F8BT was photooxidized at nine different locations for 

varying lengths of time, thereby creating a grid where each spot exhibits a different level of 

photochemical degradation. The SKPM data only show a significant change in photovoltage at 

the highest intensity levels — at which point the device performance has been almost completely 

degraded [Figure 1.9(e)], while the trEFM data can detect trap formation at much lower levels. 

Figure 1.9(e) shows that the surface photovoltage data show no simple correlation with external 

quantum efficiency. The higher sensitivity of trEFM to trap density is expected given that a 

single trap can serve as a recombination center for many carriers, dramatically decreasing the 
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photocurrent. On the other hand, a photovoltage depends indirectly on the carrier generation rate 

through the log of the generated photocurrent,57,101,102 and will also be affected by shifts 

associated with chemical changes in the semiconductor bulk (or at the surface) associated with 

trap formation. 

 
Figure 1.9. (a) Topography and (b) charging rate of a PFB:F8BT blend. The film 
was exposed to a 405 nm laser in air at different photon doses at nine spots on the 
film. (c) Surface potential measured via SKPM in the dark and (d) under 460 nm 
illumination. (e) A graph of surface photovoltage (SPV), device EQE, and the 
trEFM charging rate.21  

 

The data in Figure 1.9(b) and (d) illustrate another advantage of trEFM methods. The 

banding observed in Figure 1.9(d) is typical of SKPM images where small changes in tip surface 

contamination lead to jumps in the tip potential. On the other hand, since trEFM is measuring the 

rate of change from an initial to final point (rather than the absolute value of those points), it is 

much less sensitive to small levels of contamination that are commonly encountered on soft, 

chemically prepared samples outside of UHV environments.  
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Current implementations of trEFM as in Figure 1.6(a) have a spatial resolution of ~100 

nm and a time resolution of ≥100 µs. The time resolution is a side effect of the feedback loop and 

can be circumvented using a new method developed by our group [Figure 1.6 (b)], fast free 

trEFM (FF-trEFM).99 As with trEFM, voltage and light pulses are triggered during the retrace, 

but instead of a feedback loop, the raw cantilever displacement is recorded directly from the 

AFM during these pulses at a high sampling rate (~5–50 MHz) using an external digitizer. A 

trigger-circuit is employed to ensure that the light pulse is turned on at the same phase of the 

cantilever’s oscillation to allow a high S/N for averaged data. This free cantilever oscillation data 

is recorded multiple times at each pixel. Because no feedback loop is employed to keep the drive 

frequency on resonance in response to the transient electrostatic force gradient that arises from 

photoinduced charge generation, the amplitude, phase, and instantaneous frequency of the 

oscillating cantilever all change over the duration of the light pulse.63  

In order to extract these changes, the raw displacement data is post- processed. Each 

pixel’s data is averaged, then filtered by a finite impulse response bandpass filter with a 

Blackman windowing function. Finally, the numerical Hilbert transform is taken in order to 

extract the amplitude A(t), phase θ(t), and instantaneous frequency f(t) as is common in signal 

processing literature.102,103 Briefly, the Hilbert transform inputs the original signal u(t), calculates 

û(t), which is the original signal phase shifted by π/2,103 and outputs:  

  

 𝐴 𝑡 = 𝑢 𝑡 ! + 𝑢(𝑡)! (1.1) 

 𝜃 𝑡 = 𝑡𝑎𝑛!! −𝑢(𝑡)/𝑢 𝑡  (1.2) 

 𝑓 𝑡 = !
!!

!
!"
𝜃 𝑡 = !

!!
!
!"
tan!! −𝑢(𝑡)/𝑢(𝑡)  (1.3) 
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Figure 1.10. (a) FF-trEFM topography and 1/tFP images for MDMO-PPV:PCBM; 
(b) a graph showing the correlation between FF-trEFM 1/tFP and EQE as a 
function of annealing time for a series of P3HT:PCBM devices.99  
 
Similar to trEFM, we are interested in the time-dependent f (t) behavior, an example of 

which is graphed in Figure 1.10 using FF-trEFM on polymer:fullerene devices. Here, the 

parameter of interest, called the time to frequency shift peak or tFP, is the difference between the 

time at which the light pulse turns on and the time at which the f (t) response is greatest relative 

to the equilibrium value before the light turns on, when fdrive = fresonance. Thus, for FF-trEFM, tFP is 

analogous to the charging rate of trEFM in that it captures information about local performance. 

In Figure 1.10(a), an MDMO-PPV:PCBM film exhibits charging over the surface in a manner 

not obviously predicted by the topography. In Figure 1.10(b), the spatially-averaged tFP values 

for a series of polymer solar cells are correlated with the device EQE in a manner similar to that 

previously done with classic trEFM data. While the spatial resolution remains the same, FF-

trEFM improves the time resolution limit to ~100 ns, enabling the study of higher-efficiency 

materials at typical light intensities. FF-trEFM has allowed us to demonstrate similar 

relationships to those in feedback-based trEFM for materials with quantum efficiencies as high at 

~60%.100 For both trEFM and FF-trEFM the ability to correlate morphology to bulk photovoltaic 
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performance with ~80–100 nm lateral resolution, all with a noncontact method, represents a 

significant contribution to nanoscale metrology. 

1.8 CONCLUSIONS AND FUTURE OUTLOOK 

It is an exciting time in both the fields of scanning probe microscopy and in solar energy. 

New scanning probe instruments with advanced capabilities are becoming increasingly 

accessible to a wide audience — for instance, most high-end commercial AFMs have the 

hardware capabilities necessary to perform fast trEFM. At the same time, the use of 

nanostructured thin films from organics,15 to sintered chacogenides,104 to quantum dot solids,105 

is exploding in solar energy applications. Only a few of these systems have been studied in detail 

by scanning probe methods. Those that have been examined have often taught us that 

microscopic examination can overturn the “obvious” hypothesis for how the device works.58  

It seems likely that techniques like cAFM, pcAFM, EFM, SKPM, and trEFM will 

continue to be honed and applied to answer emerging questions in new semiconductors being 

developed for low cost solar energy applications. At the same time there are major opportunities 

for techniques such as scanning impedance microscopy,106 scanning capacitance,107 band 

excitation methods,108 and perhaps even near-field methods,109 to characterize local electronic 

and chemical properties of semiconductors under optical excitation.  
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Chapter 2. IMAGING LOCAL TRAP FORMATION IN 

CONJUGATED POLYMER SOLAR CELLS: A 

COMPARISON OF TIME-RESOLVED 

ELECTROSTATIC FORCE MICROSCOPY AND 

SCANNING KELVIN PROBE IMAGING 

Reproduced with permission from Reid, O. G.; Rayermann, G. E.; Coffey, D. C.; Ginger 
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Imaging Local Trap Formation in Conjugated Polymer Solar Cells: A Comparison of
Time-Resolved Electrostatic Force Microscopy and Scanning Kelvin Probe Imaging†

Obadiah G. Reid,‡ Glennis E. Rayermann, David C. Coffey,‡ and David S. Ginger*
Department of Chemistry, UniVersity of Washington, Seattle, Washington 98195, United States

ReceiVed: June 19, 2010; ReVised Manuscript ReceiVed: September 27, 2010

We study local photooxidation and trap formation in all-polymer bulk-heterojunction organic photovoltaics
(OPVs) using both time-resolved electrostatic force microscopy (trEFM) and conventional scanning Kelvin
probe microscopy (SKPM). We create electron-trapping defects at known locations by locally photooxidizing
blends of poly[(9,9′-dioctylfluorene-alt-(bis(N,N′-(4-butylphenyl))-bis(N,N′-phenyl-1,4-phenylenediamine)] and
poly[9,9′-dioctylfluorene-alt-1,4-benzothiadiazole]. We then compare the local surface photovoltage shifts
measured via SKPM and the changes in local photoinduced charging rates measured via trEFM with changes
in the performance of macroscopic photodiodes that have been exposed to similar photooxidation. We find
that the trEFM charging rate images can identify local photooxidation and trap formation with much better
sensitivity than conventional SKPM images. In addition, the changes in the trEFM charging rates correlate
well with the external quantum efficiencies of the macroscopic photodiodes. In contrast, the SKPM images
not only are less sensitive to trap formation but also show a more complicated response. We conclude that
trEFM is well suited to studying local trap formation in organic solar cells and caution that SKPM data by
itself can be difficult to interpret on OPV films, especially when materials have been exposed to photooxidation.

Introduction

Organic solar cells are the subject of intense academic and
industrial research because they may one day enable cheap,
ubiquitous, solar energy conversion.1-5 The most efficient
organic solar cells to date are bulk heterojunction photodiodes,
consisting of a blend of electron-donating and electron-accepting
materials.6-8 Bulk heterojunction solar cells are intrinsically
nanostructured devices, and it is well accepted that materials and
processing can dramatically alter the nanoscale morphology, and
thus performance, of bulk heterojunction organic photovoltaics.9-11

Charge trapping in these complicated blends can reduce carrier
mobility and increase recombination losses, leading to decreased
performance.12-16 To date, however, the nature of charge traps
in organic semiconductors remains one of the most poorly
understood aspects of these complex blended materials. There
are reasons to suspect that trap formation may be associated
with specific morphological features in blends; indeed, recent
studies on pentacene and anthradithiophene have produced
evidence that trapping can be as sensitive as mobility is to film
morphology in transistors.17 If true, this would provide a route
by which the lifetime of materials could be altered or improved
via better processing. However, studies correlating local trap
formation with device performance on organic solar cells are
practically nonexistent, in part, because there are few methods
that can image local trap formation.

To address this experimental challenge, we explored the
suitability of two scanning-probe techniques, time-resolved
electrostatic force microscopy (trEFM) and scanning Kelvin
probe microscopy (SKPM), to study the trap formation in model
blends of the conjugated polymers poly[(9,9′-dioctylfluorene-

alt-(bis(N,N′-(4-butylphenyl))-bis(N,N′-phenyl-1,4-phenylene-
diamine)] (PFB) and poly[9,9′-dioctylfluorene-alt-1,4-benzothi-
adiazole] (F8BT) (see Figure 1a for chemical structures). These
blends were chosen not because they offer any particular
performance advantages but because they represent a well-
studied model system, both morphologically18-26 and photo-
chemically.27-30 In particular, it has been demonstrated that
photooxidation of polyfluorenes leads to the formation of
electron-trapping fluorenone defects.28,29,31-33 Methods for imag-
ing charge trap formation in organic photovoltaic blends using
scanning probe microscopy are not well-established. Thus, as
a first step, we take the approach of intentionally creating local
trap sites via photooxidation of the polyfluorene blends and
comparing the resulting trEFM and SKPM images. We find that,
although average values from local trEFM measurements on
photooxidized samples correlate well with macroscopic device
efficiency, the surface photovoltage measured via SKPM does
not. The SKPM data only indirectly track local performance
changes due to photooxidation, most likely reflecting the density
of charge traps via the steady-state surface charge density. These
results have important implications not only for future studies
of nanoscale charge trapping in OPVs but also, more generally,
for the growing field of scanning probe microscopy on organic
electronic devices.34

Experimental Methods

The devices used in this study were bulk heterojunction blends
of PFB and F8BT. The polymers were obtained from American
Dye Source and used as received, with molecular weights and
PDI values of 23 kg mol-1 and 2.7 for the PFB and either 28
kg mol-1 and 2.2 or 30 kg mol-1 and 3.7 for the F8BT. Solutions
of each polymer were prepared in a glovebox using anhydrous
chlorobenzene at a concentration of 20 mg/mL. The solutions
were heated for ∼4 h at 50 °C before being mixed together
and filtered sequentially though 1, 0.45, and 0.2 µm PTFE filter
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membranes using all-polypropylene syringes. The blend solution
was mixed and allowed to stand at 50 °C for ∼1 h before spin-
coating at 2000 rpm for 2 min. The substrates comprised 15 ×
15 mm squares of ITO-coated glass (TFD Inc.) coated in ∼40
nm of cured poly(ethylene dioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS; Baytron P). After spin-coating, the
samples were allowed to dry in a nitrogen glovebox for at least
1 h before being subjected to controlled photooxidation. The
devices were completed by depositing 75 nm thick aluminum
top-contacts at 0.2 nm/s via thermal evaporation. The completed
devices had an active area of ∼1.5 mm2, defined by the overlap
of the ITO and Al electrodes. All device fabrication steps except
for spin-coating and annealing of the PEDOT:PSS and con-
trolled photooxidation were carried out in a dry nitrogen
glovebox (<1 ppm O2 and <0.1 ppm H2O, typical).

Controlled photooxidation was performed in ambient air by
exposing the samples to a measured dose of 405 nm radiation
from either an LED (LEDtronics L200CUV405-8D) with an
absorbed power of 4.8 W/m2 or a 405 nm laser (CrystalLaser,
intensity adjusted with neutral density filters). The LED source
was used to uniformly dose the entire surface area of the low
photon-dose films and before contact evaporation for the devices.
To obtain the high photon doses for the PL and IR measure-

ments, samples were exposed to 405 nm radiation from an LED
(LedEngin LZ1-00UA05) with an absorbed power of 17.1
W/m2. For the SKPM and trEFM measurements, an unexposed
film was loaded into the AFM and exposed in situ using the
laser source. The laser was set at a fixed intensity (attenuated
with neutral density filters) and focused on the sample. The
sample stage was then moved at intervals so that different areas
of the sample could be exposed in a controlled fashion. The
total dose was controlled by the dwell time of the laser spot on
any given location. This latter strategy allows comparison of
different degrees of photooxidation in the same image and
substantially reduces experimental variation in the AFM experi-
ments by reducing the influence of tip changes or other artifacts
in evaluating the relative signal.

Macroscopic devices were tested in a home-built vacuum
chamber at a pressure of <10 mbar. A monochromated (Acton
Research Corp., 2150i) xenon lamp source with a total power
of 75 W (Newport Oriel Photo Max lamp housing) was used
for external quantum efficiency (EQE) spectrum measurements.
The currents in the EQE and the I-V experiments were mea-
sured using a Keithley 2400 source-measure unit. All illuminated
I-V curves were performed at a wavelength of 460 nm, to
match that used in our SKPM and trEFM experiments. Using
460 nm illumination will cause most of the light to be absorbed
by the F8BT. However, the very fine phase separation in the
active layer is on a significantly smaller scale (<100 nm) than
the photooxidized spots. The focus of the present study is thus
on the identification of the photooxidized regions using scanning
probe methods and not on resolving any differences between
the PFB and F8BT domains.

Photoluminescence (PL) spectra on the bulk photooxidized
films were measured on an optical microscope (Nikon TE2000,
50× magnification) using a fiber-coupled spectrometer (Ocean
Optics USB2000). A metal halide lamp (Nikon LHS-H100C-
1) with a 405 nm band-pass filter was used for excitation, and
a 430 nm long-pass filter was used to block the excitation light
from the spectrometer. The samples were sealed in a custom-
built nitrogen-purged chamber for all PL measurements.

IR spectra were taken using a ThermoFischer Scientific
Nicolet-8700-FTIR equipped with a HgCdTe detector, Harrick
GATR grazing angle ATR accessory with a 65° fixed incident
angle, and a 56 in-oz slip-clutch. The spectrometer and accessory
were purged with N2 gas. All spectra were signal-averaged over
256 scans with a resolution of 1 cm-1 and were baseline-cor-
rected.

AFM experiments were conducted using an Asylum Research
MFP-3D. All samples were imaged under dry nitrogen using
the Asylum flow cell accessory. Ambient air, with a relative
humidity between 20 and 50%, was deliberately introduced into
the cell for in situ photooxidation experiments and subsequently
purged with N2 for >30 min before imaging. We stress that no
sample damage was observed even at relatively high photon
doses (>100 J/cm2) when the samples were maintained under
N2; only the combination of light exposure with the deliberate
introduction of air resulted in photooxidation. Both our trEFM
and SKPM experiments were implemented in custom software
written in-house for Igor Pro and the Asylum Research XOP.
In both cases, we implement a two-pass imaging procedure,
with frequency shift or phase feedback for electrostatic mea-
surements. Both the trEFM and the SKPM implementations are
described in detail elsewhere.25,34 Sample illumination for trEFM
and SKPM measurements was provided by a 455 nm LED
(Luxeon LXHLNRR8, 20 nm fwhm), whose intensity was
varied using a set of neutral-density filters.

Figure 1. (a) Chemical structures of the electron donor PFB and
acceptor F8BT. (b) External quantum efficiency (EQE) spectra of
photochemically degraded PFB/F8BT blend bulk heterojunction solar
cells spin-coated from chlorobenzene. As expected, with increasing
photooxidation (red to black curves), the quantum efficiency decreases.
(c) Normalized average device characteristics plotted as a function of
a 405 nm photon energy dose in air, including the fill factor (FF, purple
diamonds), open-circuit voltage (VOC, inverted green triangles), and EQE
(black squares). Error bars represent the standard deviation of the mean.
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Results and Discussion

First, we discuss the effects of intentional photooxidation on
the performance of the polymer photodiodes. Figure 1b shows
the EQE spectra from a series of PFB/F8BT devices that have
received varying 405 nm absorbed photon doses from 0.04 to
11 J/cm2 in ambient air. As expected, the overall device
efficiency decreases rapidly with increasing exposure, and the
photocurrent peak attributed to the absorption of the F8BT is
preferentially suppressed. Figure 1c shows the trends for EQE,
open-circuit voltage (VOC), and fill-factor (FF) on a logarithmic
scale of energy dose, each averaged over at least four different
batches of devices and measured at 460 nm. The EQE shows a
rapid exponential decay, declining to ∼50% of its initial value
at an absorbed photon dose of only ∼0.4 J/cm2, whereas the
FF and VOC show much more gradual declines (with the FF
actually increasing at larger exposures). This decreasing per-
formance is consistent with that expected from photooxidation
of the active layer35 and formation of keto defects that lead to
increased trapping12,14,31 and decreased carrier mobility32,33 in
polyfluorenes.

We used photoluminescence and infrared spectroscopies in
an attempt to detect the fluorenone defects we expected as the
primary photooxidation product in these polymers. Figure 2a
shows the fluorescence spectra of PFB/F8BT films that have
absorbed photon doses of 0-182 J/cm2. Of these films, those
with doses of 0, 0.114, 0.457, 1.83, 3.65, and 18.4 correspond
to device efficiencies of 100, 64, 45, 24, 29, and 11%, relative
to unexposed devices. The spectra are dominated by a green

peak at 540 nm with a long red tail and a small blue shoulder
at 460 nm. The effect of photochemical degradation can be seen
from the decrease in photoluminescence intensity. This decrease
in PL intensity is consistent with the formation of keto defects
in the polyfluorenes, which are electron-trap sites and which
quench the polyfluorene photolumniscence.27,28,36,37 At the lowest
doses, consistent with the lower range of device doses tested,
the change in PL intensity is difficult to detect, even though
we observe a decrease in device efficiency and trEFM charging
rate.

Figure 2b is a comparison of the infrared spectra of PFB/
F8BT films that were exposed to photon doses of 0-182 J/cm2.
The absorbance at ∼1737 cm-1, consistent with the carbonyl
stretch of fluorenone,29,30,38,39 is only observed in the IR spectra
of the films with higher photon doses (18.4-182 J/cm2). Over
the range of doses for devices tested, only that with the highest
dose (18.4 J/cm2) has an IR spectrum with a detectable keto
peak. In combination with the PL spectra, the IR spectra confirm
the formation of fluorenone defects by photooxidation, at least
at high photon doses. It is interesting to note, however, that we
can only detect chemical changes with FTIR-ATR in the film
at higher photon doses, though device performance is affected
by significantly lower photon doses. Although we believe that
the absence of fluorenone signatures in IR and PL data are
simply due to the detection limits, it is possible that, at low
photon doses, some other chemical species may be responsible
for the decrease in charging rate. For instance, because these
films were photooxidized under ambient conditions, electron
transfer from the excited polymer to reduce O2 in the presence
of H2O may occur, as has been reported as a trap species in
transistor measurements.40 Regardless, the key result of this data
is that the electrical device performance is much more sensitive
to the presence of photooxidative exposure than PL or FTIR
spectroscopy and that a new method is needed if we are to study
photooxidative damage at the local (nanoscale) level.

We next examine the corresponding scanning probe micros-
copy data. Figure 3a shows a schematic of our in situ pho-
tooxidation experiment. The 405 nm laser diode is focused
sequentially on discrete spots that are selectively photooxidized
using the laser in a 3 × 3 matrix (10 µm spacing, left-to-right,
top-to-bottom) over a 900 µm2 area. Each spot received twice
the dose of the previous spot (dose range, ∼0.04-11 J/cm2).
Figure 3b-e shows a set of topography (b), trEFM (c), and
SKPM (dark (d) and light (e)) images of a sample area that has
been photochemically patterned as described above. The trEFM
image is a map of the charging rate, which describes the
charging of the tip-sample capacitor as free charge carriers
are generated under illumination.25 Immediately, we notice that,
whereas the charging rate in the trEFM image (Figure 3c)
declines rapidly with increasing photon dose over this range,
we see very little change in the surface potential (SP) measured
via SKPM in either dark (Figure 3d) or illuminated (Figure 3e)
conditions except at the highest photon doses. At the highest
photon doses, there is a detectable negative surface photovoltage
shift. However, the regions of increased negative photovoltage
are associated with the regions of the highest photooxidation,
demonstrating that increased local photovoltage magnitudes do
not necessarily indicate better local performance.

Figure 4 summarizes the results of both the macroscopic
photodiode measurements and the local scanning probe experi-
ments. With increasing photooxidation, Figure 4 shows that the
device EQE and local charging rate measured via trEFM both
decrease with increasing photooxidation. In contrast, the surface
photovoltage (the difference between SP in the light and dark)

Figure 2. (a) Photoluminescence (PL) spectra of PFB/F8BT films that
have received 405 nm photon doses in air ranging from 0 to 182 J/cm2,
as indicated in the legend. The shoulder at 460 nm is attributed to the
luminescence of the PFB, whereas the peak at 540 nm is attributed to
luminescence from F8BT. A decrease in photoluminescence intensity
with increasing photooxidation is evident (light in the range of 680-699
nm has been removed from the spectrum). (b) Fourier-transform infrared
attenuated total reflectance (FTIR-ATR) spectra of PFB/F8BT films
exposed in air to photon doses from 0 to 182 J/cm2 (as indicated in the
legend; traces offset for clarity.) The spectral feature of interest is the
absorbance peak at ∼1737 cm-1, consistent with the keto stretch of
fluorenone. This absorbance peak is only detectable for films with the
higher photon doses.
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shows very little change with photooxidation. These experiments
were repeated over multiple sample sets, averaged, and normal-
ized to the initial values before photooxidation. The AFM data
are the averages of five samples in the lower dosage range and
two in the upper dosage range. The device data are an average
of five different samples. In each case, the measurements were
made at ∼460 nm illumination. The qualitative trend observed
previously in Figure 3b-e is quantified over many images in
Figure 4: the relative changes in charging rate and external
quantum efficiency correlate very well with one another across
multiple samples, whereas the surface photovoltage is relatively
insensitive to increasing photooxidation and actually increases
slightly in magnitude over the unexposed case. Indeed, com-
parison of Figure 3 with Figure 1c shows that the surface
photovoltage does not correlate well with any of the observed
device performance characteristics.

As suggested above, these results appear to contradict
previous reports of a correlation between surface photovoltage
and open-circuit voltage41 and/or local charge separation
efficiency,42-49 as our data are not consistent with either of these
hypotheses, at least as a function of photooxidation in PFB/
F8BT blends. On the other hand, the trEFM charging rate
measurements, which are well correlated with the macroscopic
quantum efficiency, do demonstrate a clear decline in local
charging rate with increasing photochemical degradation.

These contradictions can be explained, in part, by the
differences in the material systems and experimental configura-
tions but nevertheless highlight the difficulty in using basic
SKPM data to draw conclusions about device performance. For
instance, Palermo and co-workers have shown that, at least on
insulating substrates, the surface photovoltages of neighboring
donors and acceptors shift as one would expect: the acceptor
becomes more negative, whereas the donor becomes more
positive, consistent with electron and hole accumulation in each
material.44-46 However, studies on active device structures
incorporating a conductive substrate (as is the case for the
measurements presented herein) typically show a concerted shift
in the potential of the entire surface, sometimes irrespective of
the local structure.47-51 On the basis of this observation in
conjunction with detailed numerical simulations, Kemerink and
co-workers51 have argued convincingly that the surface photo-
voltage in device-like organic photodiode structures is dominated
by the difference in transport rates for electrons and holes and
the injection barrier at the bottom contact, where an imbalance
leads to an excess of a single carrier throughout the film. The
steady-state concentration of each carrier under illumination is
determined by a competition between charge generation,
recombination, transport, and trapping. However, since only
changes in net charge density lead to shifts in surface potential,
the relative rates of generation and recombination are not likely
to be important (being equal for both carriers) unless there is a
large-scale separation of pure donor and acceptor phases that
are electrically isolated. Thus, on device structures with
conducting substrates, the generally asymmetric rates of charge
transport, injection, and trapping dominate.

Consistent with this latter hypothesis, we interpret our SKPM
data as being the result of an increased electron-trap density as
the polymers are photochemically degraded. We attribute the
initial increase in (negative) surface photovoltage magnitude,

Figure 3. (a) Schematic of the local photooxidation experiment
showing areas that were exposed to the 405 nm laser in air at different
photon doses. The total absorbed energy dose in J/cm2 in each area for
the AFM images in panels b-e is noted on the spots. (b) Topography
of a PFB/F8BT blend spin-coated from chlorobenzene. (c) Charging
rate image of the same area measured with trEFM. The trEFM image
is a map of the charging rate. The charging rate describes how fast the
tip-sample capacitor fills as free charge carriers are generated under
illumination. (d) Surface potential measured in the dark (at least 30
min since the last illumination). (e) Surface potential measured in the
light (460 nm, general illumination).

Figure 4. Normalized average values from AFM images and device
measurements plotted as a function of a 405 nm photon dose in air,
including surface photovoltage (SPV, blue circles), trEFM charging
rate (rate, red triangles), and external quantum efficiency (EQE, black
squares). Error bars represent the standard deviation of the mean. The
lowest photon doses of zero are displayed on the semilog plot at ∼0.002
J/cm2.
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and the more negative surface potential we observe on highly
exposed areas of the film (Figure 3d,e), to an increase in
electron-trap density that increases the steady-state electron
density under illumination. However, these photovoltage shifts
are difficult to detect via SKPM until the photooxidation is
relatively severe. At low photon doses, where the device
performance is already clearly degraded, we measure almost
no shift in surface potential. On the other hand, at these same
photon doses, we are able to clearly resolve differences in the
trEFM charging rates.

We draw several conclusions from these results. First, trEFM
measurements appear to provide a straightforward measurement
of the changes in local quantum efficiency due to photooxida-
tion, but SKPM measurements of the surface photovoltage, in
general, do not. Furthermore, the changes we observe in surface
photovoltage measured via SKPM are not clearly correlated with
changes in the device fill factor or open-circuit voltage. Second,
the trEFM charging rate measurement appears to be much more
sensitive to low levels of photochemical exposures than that of
surface potential, IR spectroscopy, or PL spectroscopy and is
thus well suited to future experiments correlating local morphol-
ogy with charge trap formation. Given the large difference in
the sensitivities of the techniques used, it is difficult to identify
the exact chemical species responsible for device degradation
at the lowest photon doses; however, the IR and PL data confirm
the formation of fluorenone defects at higher doses, consistent
with previous literature.28,38,52-54 Third, following the model
proposed by Kemerink and co-workers,51 the change in surface
photovoltage with increasing photochemical exposure we ob-
serve could be explained by an increase in trap density for
electrons relative to that for holes. This result suggests the
possibility of using SKPM in conjunction with another measure
of local device efficiency (as we have done here) to discern not
merely what areas of an organic solar cell composite perform
poorly or well but also perhaps to answer whether observed
changes in local efficiency are caused by trapping of either
carrier. Further experiments might also be combined with
thermally stimulated current (TSC) spectroscopy on bulk
samples in order to determine the activation energy and
concentration of charge traps.55-57 In the future, if a sufficiently
sensitive current detector becomes available, then it may be
possible to perform TSC measurements locally using cAFM.
Finally, it is interesting to note the very small energy doses
required in ambient air to effect substantial changes in device
performance, local charging rate, and measurable increases in
electron-trap density in these polymers. At the very least, this
result severely complicates interpretation of optoelectronic SPM
data acquired in air on organic semiconductors and highlights
the need for inert-atmosphere conditions in this class of ex-
periments.58

Conclusions

In summary, we have performed trEFM and SKPM measure-
ments on PFB/F8BT bulk heterojunction blend films that have
been locally photooxidized and compared our microscopy results
with the performance of similarly degraded macroscopic pho-
todiodes. We find that, whereas the local charging rate measured
via trEFM correlates very well with the quantum efficiency for
photochemically degraded regions of the film, the surface
photovoltage measured via SKPM is not easily connected to
any of the photochemically induced changes in macroscopic
device properties in this system. With the polymers we used,
only small photon doses were required in ambient air to
photochemically degrade the devices to 50% of their original

quantum efficiency (1 J/cm2 incident, ∼0.4 J/cm2 absorbed),
corresponding to a level of photochemical damage that is
difficult to discern through PL or FTIR measurements. Our
results caution against the use of surface-potential measurements
by themselves as a primary characterization tool of these
materials unless one performs detailed modeling.51 We further
caution against the use of any optoelectronic scanning probe
method on organic semiconductors in air. Most importantly,
these results demonstrate that it should be possible to use SKPM
combined with trEFM to correlate the local steady-state charge
distributions in organic semiconductors with the local device
performance and thus should enable future studies of trapping
and trap formation kinetics as a function of local morphology.
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ABSTRACT: We propose, simulate, and experimentally validate a new
mechanical detection method to analyze atomic force microscopy
(AFM) cantilever motion that enables noncontact discrimination of
transient events with ∼100 ns temporal resolution without the need for
custom AFM probes, specialized instrumentation, or expensive add-on
hardware. As an example application, we use the method to screen
thermally annealed poly(3-hexylthiophene):phenyl-C61-butyric acid
methyl ester photovoltaic devices under realistic testing conditions
over a technologically relevant performance window. We show that
variations in device efficiency and nanoscale transient charging behavior
are correlated, thereby linking local dynamics with device behavior. We
anticipate that this method will find application in scanning probe
experiments of dynamic local mechanical, electronic, magnetic, and
biophysical phenomena.
KEYWORDS: Scanning probe microscopy, electrostatic force microscopy, organic solar cells, bulk heterojunction, P3HT:PCBM

Atomic force microscopy (AFM) is widely used across
many scientific disciplines to study systems with nanoscale

spatial resolution, from semiconductor physics to surface
chemistry to biological phenomena. Through the use of
mechanical and electrical feedback modes, AFM methods are
used to study such diverse problems as mechanical properties
and glass transitions in polymer blends,1 surface polarization in
ferroelectrics,2 photogeneration of charge in solar cells,3 and
energy storage in batteries.4 However, despite the widespread
availability of commercial AFM equipment, the ability to study
dynamic processes below the diffraction limit with scanning
probes has generally been limited to relatively slow processes
on the order of milliseconds5,6 or to specialized methods
restricted to limited physical processes7 that often involve
custom-fabricated probes.1,8 The fastest AFM methods typically
acquire image scan lines at rates of ∼3 kHz,9 while studies
reporting time-resolved AFM measurements with commercial
instruments often measure local processes on time scales of, at
best, several cantilever cycles in specific experimental designs10

or much longer in more general designs.5

Attempts to study faster dynamic phenomena with scanning
probe instruments have largely employed sophisticated
combinations of pulsed laser optics with either near-field
scanning optical microscopy11,12 nonlinear mixing using
heterodyning13 or scanning tunneling microscopy (STM).14,15

More recently, nonoptical time-resolved STM methods limited
to the current preamplifier bandwidth,16 using radio frequency
STM,17 and electronic pump−probe STM18 have been
reported. These techniques can provide powerful probes in

systems with specific optical or electronic properties but
generally require complex, expensive specialty hardware and are
restricted in their ability to study materials with low optical
contrast or high conductivity. As a result, these probes have
been limited primarily to niche applications.
To address these shortcomings, our group has previously

used fast frequency shift feedback methods to measure fast
processes, such as the accumulation of photogenerated charges
in low-efficiency polymer solar cells on time scales approaching
∼100 μs using time-resolved electrostatic force microscopy
(trEFM).3,19,20 While fast compared to most AFM methods,
even 100 μs is insufficient to study many processes of relevance
in physical systems of interest (including more efficient organic
and inorganic solar cells).21 One could achieve better time
resolution by using more sophisticated feedback controls.
However, any feedback system will ultimately face a signal/
noise stability limit. Here, we describe a feedback-free approach
to obtaining information about fast local force transients in an
AFM and show that the method is capable of discerning useful
information about fast local dynamics with transient rise times
as short as ∼100−200 ns. We anticipate that this method,
hereafter fast free time-resolved electrostatic force microscopy
(FF-trEFM), may find application in scanning probe experi-
ments of fast local changes, including carrier dynamics,14
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biological processes,7,22 and transient magnetic resonance
measurements.23,24

The method, summarized in Figure 1A, relies upon analyzing
the free oscillation dynamics of an atomic force microscope

cantilever operating in conventional ac-mode on a commercial
AFM with custom software and low-cost external hardware.
The cantilever oscillation is digitized, while a transient
perturbation, such as a voltage pulse or light pulse, is triggered
to initiate the local dynamics of interest. Importantly, a
triggering circuit is employed to phase lock the trigger event to
the cantilever motion (Figure S2A, Supporting Information) so
that the trigger always occurs at the same point in the cantilever
oscillation (Figure S2B, Supporting Information), thereby
improving the efficacy of signal averaging and thus the time
resolution.
The challenge then becomes extracting the interesting

dynamic behavior of the system from the cantilever motion.
In ac-mode AFM, the cantilever motion is usually described as a

damped driven harmonic oscillator.25 Following a transient
perturbation, the force F(t) and force gradient dF/dz
experienced by the AFM tip may both change in time. These
changes in turn alter the harmonic motion of the cantilever.
The objective is thus to recover the time profiles of the F(t)
and/or dF/dz signals of interest from the resulting fast
cantilever motion. In principle, with sufficient computational
resources and some basic information about the system under
investigation, one could attempt to reconstruct the temporal
evolution of F(t) and ∂F/∂z by numerically integrating the
equations of motion and fitting the resulting motion to the real
tip data. Practically, we have found it faster and more
convenient to employ a simplified data analysis procedure as
described below.
As a proof of principle, we first consider detecting transients

in a model damped driven harmonic oscillator (DDHO)
governed by the classic equation of motion:25

+ β + ω

= ω +
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where z is the tip displacement, F0 is the driving force applied
to the cantilever, m is the effective cantilever mass, ω0 is the
resonance frequency of the cantilever that depends on factors,
such as the spring constant k and m, and ω is the frequency of
the driving force signal applied to the cantilever. Fe is an
external force of interest acting on the cantilever that varies
with time, and β = ω0/2Q is the damping factor where Q is
defined as the quality factor. Transient changes in the cantilever
motion will arise from changes in the both force Fe, and its
derivative with respect to tip height, ∂Fe/∂z. The latter
effectively modifies the spring constant and thus shifts the
instantaneous resonance frequency, with the shift Δω0 being
proportional to (∂F/∂z).26

As exponential decays are among the most ubiquitous signals
resulting from small perturbations to a system, we consider a
time-dependent force Fe(t) and resonant frequency ω0(t) of the
form:

≥ ≈ ∞ − − τF t F t( 0) ( )[1 exp( / )]e e (2)

ω ≥ = ω + Δω − − τt t( 0) (0) [1 exp( / )]0 0 0 (3)

where τ is the characteristic decay time. Following a time-
dependent change in Fe(t) and ∂F/∂z (which causes a transient
change in ω0), the system will return to a steady-state
sinusoidal oscillation with a new equilibrium amplitude on a
characteristic time scale 2Q/ω0, or ∼3 ms for typical AFM
cantilevers. However, the details of the fast transient motion, in
particular the instantaneous phase and frequency, prior to
reaching the new steady state do encode information about τ
on much shorter times and thus form the basis for subcycle
time resolution. Extraction of this information is a matter of
signal processing.
To demonstrate the feasibility of distinguishing different

transient rise times or decays on fast time scales, we first
consider a theoretical damped driven harmonic oscillator
governed by eq 1. This form represents the transient expected
in many systems of interest, such as the charge accumulation3

and decay27 in nanostructured solar cells, and of systems
exhibiting first-order or pseudofirst-order kinetics in general.
To analyze the cantilever motion at early times, we use
numerical demodulation of the digitized cantilever signal8 and

Figure 1. Schematic and operation of FF-trEFM. (A) Block diagram
illustrating FF-trEFM operation. After feedback is turned off, the
cantilever signal is digitized and recorded with high sampling rate
(typically 50 MHz for point scans, 5−50 MHz for images). Multiple
runs, with the excitation applied at the same phase, are averaged and
demodulated to acquire the instantaneous frequency (typically 1500
for point scans and 6−10 per pixel for images). The metric of interest
is the time between excitation and maximum frequency shift from
steady-state (time to frequency shift peak, tFP). (B) Instantaneous
frequency of simulated cantilever behavior, using realistic cantilever
parameters (ω0 = 247.329 kHz, Q = 363, k = 27.7 N/m) with transient
perturbations of root exponential form with characteristic time
constants from 100 ns to 300 μs, showing the monotonic behavior
of tFP with perturbation rise time. Arrows at the bottom illustrate the
tFP time.

Nano Letters Letter
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extract the envelope amplitude, instantaneous phase, and
instantaneous frequency of the oscillating cantilever. Details
are provided in the Supporting Information. Briefly, “instanta-
neous frequency” is defined as the time derivative of the
instantaneous phase, as is common in the signal processing
literature28 and selected scanning probe papers.8,29 We extract
the instantaneous phase from the analytic signal computed in
software via a Hilbert transform of the cantilever position vs
time data.29 Though it may seem counterintuitive, this
definition of frequency allows for rapid measurements of
frequency changes with subcycle resolution.
Figure 1B shows the instantaneous frequency recovered from

a simulated cantilever following a transient change in Fe and
∂F/∂z according to eqs 2−3 over 3 orders of magnitude, from
100 ns to 300 μs, while the cantilever parameters, such as β, ω0,
Fe, and k were chosen to agree with typical AFM experiments.
Importantly, Figure 1B shows that the cantilever oscillation
behavior is distinguishable for different τ ≪ 2Q/ω0 and even
for τ ≪ 1 cantilever oscillation period. While the instantaneous
frequency does not directly measure either Fe or ∂F/∂z, the data
suggest a straightforward way to recover τ from an experimental
data set. Notably, the time it takes for the instantaneous
cantilever frequency to shift farthest from ω before relaxing,
hereafter the time to first frequency shift peak (tFP), is a
monotonic function of τ. Thus, given adequate signal/noise,
one can in principle measure rise times or decays as short as
100−200 ns with widely available AFM cantilevers by
generating a calibration curve of tFP versus τ. At present, we
believe the factors limiting time resolution are primarily the

photodiode detector bandwidth and the 100 ns smoothing
window (see Supporting Information).
To demonstrate this method in practice, we use electrostatic

force microscopy (EFM) as a test bed. In EFM, the tip and
sample form a capacitor structure, and changes in the potential
difference between the tip and sample change both the force
and force gradient experienced by the oscillating cantilever.26

We can thus use programmed voltages applied to the tip by an
arbitrary waveform generator to provide a model system with
which to explore the performance of different data acquisition
and analysis methods. Furthermore, since EFM can be used to
detect photogenerated charge, time-resolved EFM has practical
application in the local detection of charge carrier behavior
below the diffraction limit in nanostructured semiconduc-
tors.3,5,19

Figure 2A shows the instantaneous frequency obtained from
the filtered, demodulated experimental data. A voltage with an
exponential rise time was applied at t = 1 ms to a Pt-coated
cantilever oscillating 10 nm above the Au substrate. As with the
simulated data, the real cantilever exhibits a transient response
followed by a return to a steady-state oscillation at the drive
frequency ω. The cantilever relaxes to a new amplitude on a
time scale governed by 2Q/ω0. The phase exhibits a transient
response faster than this time constant, and the equilibrium
phase takes longer to reach than the measurements of interest
here. More importantly, Figure 2A further shows that, as for the
simulated data, the tFP is clearly different for each value of τ. We
have verified that the tFP parameter is insensitive to cantilever
lift height (Figures S5−6, Supporting Information) and can be
robustly extracted even at signal/noise levels well below those

Figure 2. Resolution limits and modeling of FF-trEFM (A) Instantaneous frequency data following exponentially shaped voltage pulses with rise
times ranging from 600 ns to 10 ms. From 50 μs to 10 ms, as the rise time increases, the net frequency shift generally decreases due to an overlap
between transient and steady-state harmonic oscillator behavior, while the tFP consistently increases monotonically. (B) Data from 80 ns to ∼10 μs
showing the tFP values decrease monotonically even as the cantilever behavior becomes increasingly complicated at subcycle times. (C) Comparing
DDHO simulation (dotted), finite element simulation (dashed), and experimental (solid) instantaneous frequency at different rise times. (D) tFP
data for voltage pulses across four decades of rise times. Experimental data (yellow circles) are compared with the data generated using the modified
DDHO equations (red squares) and data generated using a finite element model simulation (blue diamonds) from 500 ns to 800 μs. Markers are
spaced every 225 samples in (a) and every 40 samples in (b). Number of averaged pulses N = 1250, with the same cantilever parameters as Figure 1.

Nano Letters Letter
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shown here (Figure S7, Supporting Information) with high
lateral resolution of better than ∼80 nm (Figure S8, Supporting
Information).
Along with the experimental data, Figure 2B plots

instantaneous frequency vs time for a full finite element
simulation of a conical-shaped tip with the tip−sample force Fz
calculated by integrating the Maxwell stress tensor Ez

2ε0εr over
the tip surface (Figure S3, Supporting Information), where Ez is
the electric field in the z direction and r is the radius of the tip
at given height, as well as instantaneous frequency vs time for a
simple damped driven harmonic oscillator using experimentally
derived tip parameters. Notably, both the full finite element
method and the simple harmonic oscillator model are able to
reproduce the data across many orders of magnitude using
these parameters and accounting for z-drift in the simulations
(Figure 2C). Indeed, there is near quantitative agreement
between the simulations and the experimental behavior at rise
times from submicrosecond to 900 μs. At very short times,
there are small deviations in the frequency shift between the
three values that may be attributable in part to nonideal tip
shape, higher-order force corrections, cantilever beam con-
tributions,30 or numerical issues. Though the quantitative
frequency shift magnitude begins to differ, the tFP value still
scales with the rise time, with excellent agreement between the
experiment and the different simulation methods (Figure 2D).

The data in Figure 2A−C are striking. They demonstrate that
experimentally, one can use the demodulated frequency to
quantify rise or decay times for signals as fast as τ = 100−200
ns, shorter than even a single cantilever oscillation period. To
our knowledge, this is the fastest mechanically detected signal
rise time that has been measured with AFM without
heterodyning13 by orders of magnitude. We emphasize that,
while performed with custom hardware and software, the core
instrumentation was a commercial AFM, and the method does
not rely on expensive add-on instrumentation or rare custom
probes and should therefore be readily accessible to a wide
range of AFM users. Indeed, we envision that with appropriate
software modification, the present generation of commercial
AFMs has the hardware specifications necessary to implement
time-resolved AFM with submicrosecond accuracy.
Next, we demonstrate one potential use of our method for

achieving faster resolution applied to the field of organic
photovoltaics. Previously we have used a feedback-based time-
resolved EFM (trEFM) method to study photoinduced charge
generation in donor/acceptor polyfluorene copolymer blends
used in organic photovoltaics.3 We have shown that charge
accumulation following illumination is well approximated by
single exponential kinetics with the photocharging rate being
directly proportional to the local quantum efficiency and
incident light intensity.3,19 However, operating under physically

Figure 3. FF-trEFM as a screening tool on an efficient OPV blend. (A) Instrumentation schematic for OPV characterization, showing the sample
purged under constant nitrogen flow and transient perturbation caused by photoinduced charging via a pulsed LED. (B) Instantaneous frequency
data for a range of light intensities on a ∼51% EQE P3HT:PCBM film showing that photoinduced charging represents a transient force and force
gradient effect similar to a root-exponential voltage of characteristic τ as in Figure 2. (C) External quantum efficiency (EQE) measurements on five
P3HT:PCBM devices annealed at 110 °C for 0 (unannealed), 1, 5, 10, and 20 min. The green line is at the LED wavelength (∼523 nm). The shaded
region indicates previously accessible device efficiencies using traditional feedback-based methods. (D) Plot of spatially averaged 1/tFP values (red
triangles) versus EQE (blue circles) for the four devices measured. The error bars represent standard deviation of the mean for several areas (tFP)
and several pixels (EQE).
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relevant (∼1 sun) illumination conditions, characteristic
charging times (determined by the rate at which photo-
generated charges fill the tip−sample capacitor) are on the
order of ∼30−50 μs for blends with quantum efficiencies in the
range of ∼50−70%. In other words, the most interesting
nanostructured organic systems, such as polymer:fullerene
blends, remained inaccessible.
As a proof-of-concept, we apply FF-trEFM to the well-known

polymer:fullerene OPV blend poly(3-hexylthiophene):phenyl-
C61-butyric acid methyl ester (P3HT:PCBM) by photoexciting
the sample with a light step pulse and detecting the changes in
resulting cantilever motion (Figure 3A). Figure 3B shows the
light intensity dependence of tFP. At lower intensities, it takes
longer for the film to become filled with enough photo-
generated charge to screen the tip potential (i.e., τ increases),
therefore tFP shifts to longer times. The similar behavior from
both photoinduced charging and exponential voltage signals
lends confidence to our treatment of light-induced charging
using eqs 1−3. Taken together, the two experiments imply that,
at the same light intensity, the difference in tFP reflects a
difference in force gradient rise time τ, which in this case
corresponds to local charging efficiency.
P3HT:PCBM samples prepared with different thermal

annealing times (Figure 3C) are well-known to produce
dramatically different external quantum efficiencies (EQE), an
effect attributed to changes in nanoscale film structure.31−33

However, even for the least efficient, unannealed blend classic
feedback-based trEFM data are limited by instrument response
(Figure S4, Supporting Information); the shaded region in
Figure 3C shows the approximate EQE range accessible to
classic feedback-based trEFM with our hardware.
Figure 3D shows a plot of 1/tFP, demonstrating that

feedback-free trEFM can readily distinguish the differences
between the samples with different EQEs as result from the
different annealing times. For these experiments, we performed
FF-trEFM and EQE measurements on the exact same organic
semiconductor films that we made into photovoltaic devices.
The data in Figure 3D show that the measured 1/tFP value
averaged over the image is proportional to EQE. In fact, the
data indicate that FF-trEFM can be used directly to predict the
EQE that would be obtained from a photovoltaic device
fabricated from a given P3HT/PCBM film morphology.
Figure 4A shows a topography and 1/tFP image for a film

with an average EQE of 54%. When comparing the distribution
of 1/tFP times across images of different films, the average and
standard deviations of 1/tFP both increase with device efficiency
as shown in Figure 4B. This result is consistent with
observations of nanoscale short-circuit photocurrent distribu-
tions on P3HT:PCBM devices,32 yet without the complications
from tip work function and sample damage that can arise from
such measurements,34 further confirming the utility of the FF-
trEFM method. Each such FF-trEFM image requires
approximately 1 h to acquire. The images are reconstructed
via postprocessing of the data using script-level code, and the
computation time is resource dependent but currently takes up
to 90 min. Faster computers, dedicated hardware, optimized
coding, or fewer averages per point could reduce the time
considerably. The Supporting Information includes additional
imaging data and the images associated with Figure 3D.
We expect that FF-trEFM will not only enable studies of

charge accumulation in more efficient nanostructured solar cells
but will also enable the study of local recombination rates,
which often have time constants in the range of 1−100 μs in

OPV blends.21,27 Since any experiment with a time-dependent
force gradient can use FF-trEFM, it might be possible to utilize
these methods in applications ranging from time-dependent
magnetic force experiments to studies of fast local structural
changes in biological samples. Because the method can in
principle be implemented on many current generation AFM
hardware, we hope it will ultimately become widely accessible.

■ ASSOCIATED CONTENT

*S Supporting Information

Experimental materials and methods (cantilever calibration, FF-
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lution, and additional image data on MDMO-PPV:PCBM and
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Figure 4. Spatial charging time variations in an OPV blend. (A)
Topography (top) and FF-trEFM image (bottom) of a ∼51% EQE
P3HT:PCBM film showing spatial variation in the 1/tFP values with
values as low as sub-30 μs when exposed to 523 nm LED illumination
at an intensity of ∼513 W/m2. (B) Histograms of FF-trEFM 1/tFP
values for an unannealed (top) and 1 min annealed film (bottom)
showing that the average and standard deviation both increase with
annealing time, consistent with reported short-circuit photocurrent
image data. Images acquired using 6 averages per pixel at 5 MHz
sampling rate.
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MATERIALS AND METHODS 
Sample Preparation 

Au samples were prepared on n-type Si(100) substrates (Silicon Quest International) with a 
1 µm SiO2 layer. The Si substrates were cleaved and sonicated in acetone and isopropyl alcohol 
prior to evaporation. Au films were formed by evaporating a 2.5 nm Cr adhesion layer followed 
by 55 nm Au. Au samples were sonicated in acetone and plasma cleaned prior to imaging. 

 Substrates for the OPV films were 1.5 x 1.5 cm2 indium tin oxide (ITO)-coated glass 
substrates (TFD Inc.). Poly(ethylene dioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS, 
Baytron P) was filtered and heated to 50 °C and deposited on the ITO and annealed at 100 °C for 
~1 hour. Poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) films were 
formed from a 1:1 blend of P3HT (Rieke Metals, 90-93% RR) and PCBM (Nano-C, 99.5% pure) 
in chlorobenzene at ~42 mg/mL. The solution was stirred at 500 RPM at 55 °C overnight and 
was spin-coated warm onto the substrates at approximately 1500 RPM for 2 min. Aluminum top 
electrodes (85 nm) were then evaporated, creating devices of approximately 1.8 mm2 based on 
overlap of ITO and Al electrodes. Films were annealed for various times at 110°C on a preheated 
aluminum block mounted on a hot plate. All active layer preparation was in an inert 
environment, and all films were stored covered in aluminum foil in the glove box until imaged.  

 In the supplemental data below, we also use poly(9,9´-dioctylfluorene-co-bis-N,N´-(4-
butylphenyl)-bis-N,N´-phenyl-1,4-phenylenediamine:poly-(9,9´-dioctylfluorene-co-
benzothiadiazole) (PFB:F8BT) films prepared on ITO/PEDOT:PSS substrates. Films were 
prepared using 1:1 blend of PFB:F8BT (American Dye Source) at ~20 mg/mL solutions in 
chlorobenzene or xylenes using a procedure recently reported by our group.1  
 
Instrumentation  

All FF-trEFM data were acquired using an MFP3D-BIO AFM (Asylum Research). 
Experiments on Au films were performed in ambient conditions, whereas those on P3HT:PCBM 
were performed under nitrogen using a closed fluid cell. For the Au data, we applied root 
exponential voltage pulses using an arbitrary waveform generator programmed via GPIB. For the 
P3HT:PCBM blends, we illuminated the samples using a 5W, 523 nm LED (LedEngin LZ1-
10G105) focused on the top surface of the film and co-aligned with the tip. Feedback-based 
trEFM data were acquired similar to that reported in previous work.1, 2 In each case, the 
cantilever deflection signal was routed into a triggering box (see below) to ensure that each light 
pulse was applied at the same phase. For voltage pulse tests on Au the same circuit was used as 
well. The sample was grounded relative to the tip in each case. Device measurements (external 
quantum efficiency) were performed under vacuum using a monochromated, 75 W Xenon lamp, 
with eight device pixels per film. External quantum efficiency measurements and FF-trEFM data 
were collected from at least 3 batches of devices. 
 
Measuring Initial Cantilever Parameters 
 The cantilever in AFM behaves as a typical damped driven harmonic oscillator (DDHO), 
whose behavior is described by the well-known equations:3 

       (1) 

      (2) 

      (3) 
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where A is the amplitude, δ is the phase of the cantilever relative to the driving signal, F0 is the 
driving force applied to the cantilever, m is the cantilever mass, ω0 is the resonance frequency, ω 
is the frequency of the driving force signal applied to the cantilever, Fe is the electrostatic force 
due to the charging of the surface, and β = ω0/2Q is the damping factor. When the drive 
frequency ω =ω0, the amplitude and phase are at a peak and at π/2 respectively. As the resonance 
frequency shifts and ω ≠ ω0, the amplitude and phase change accordingly.  

 Prior to the initial experimental run, we measure the cantilever parameters such as the 
spring constant k, m, Q, β, the change in ω0 both with voltage and with applied light, and 
electrostatic force Fe in order to properly model the motion (Figure S1 and Table S1). We record 
the cantilever amplitude, phase, and deflection as the frequency is swept over a ~5 kHz range 
centered at the initial 0 V resonance frequency. We do this both far from the surface (10 µm) and 
close to the surface (10 to 100 nm). We then changed the drive frequency applied to the 
cantilever and monitored the amplitude, phase, and deflection both before and after applying a 
voltage to the tip to acquire the approximate electrostatic force. On OPV films such as 
P3HT:PCBM (but not on Au), we additionally measure the cantilever characteristics before and 
after applying light with the tip at 10 V to acquire the approximate frequency shift and force due 
to photoinduced charging. 
 Figure S1A shows how the amplitude of the AFM cantilever behaves with no voltage, an 
applied voltage, and an applied voltage and constant illumination on a PFB:F8BT film at a height 
of 20 nm above the sample. The amplitude decreases and the resonance frequency peak shifts to 
a lower frequency as ∂2C/∂z2

 changes increasingly by first applying a voltage and then by adding 
the photogenerated charges. Under illumination, ∂2C/∂z2 increases and therefore the curvature in 
the parabola increases as shown in Figure S1B.2 From the cantilever amplitude, phase, and 
deflection signals recorded across a range of drive frequencies before and after excitation, we 
can extract the relevant system parameters such as Q, β, k, amplitude, force, and resonance 
frequency as tabulated in Table S1. 
 

 
Figure S1. 
Resonance frequency response to changes in the electrostatic force gradient. (A) Cantilever 
oscillation amplitude curves on an organic photodiode (PFB:F8BT) taken at 0 V (black), 10 V 
(blue), and 10 V under 405 nm illumination (pink), across a range of drive frequencies. (B) 
Example frequency shift response showing the expected quadratic dependence on applied 
voltage as well as the change in differential capacitance gradient due to illumination. Data taken 
at 10 nm above the same sample with approximately 1590 W/m2 intensity. 
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Table S1. 
Cantilever parameters for the system in Figure S1. The data taken at 10 nm in Figure S1 
show how the Q, resonance frequency, and spring constant all decrease. The net electrostatic 
force is much larger from turning on the voltage than from turning on the light. LED power is 
~1590 W/m2. AMPINVOLS and DEFINVOLS are the inverted optical lever sensitivity settings 
for converting the amplitude and deflection signals, respectively, from V to nm. 
  
FF-trEFM Measurement 

FF-trEFM experiments were performed using in-house Igor Pro code and C-language XOP 
code to operate an external digitizer (Gage Compuscope USB 14400) for recording the 
cantilever. The tip is actuated using the drive signal with frequency ω to shake the tip with an 
oscillation of 10 – 12 nm. At the same time, the MFP3D hardware is used to bias the tip (usually 
at 10 V). The deflection signal is fed into a trigger circuit. The circuit consists of two integrated 
circuits, a comparator that converts the DC filtered deflection signal from a sine wave into a 
square wave, and a D-flip flop that uses the square wave as a triggering clock signal. The trigger 
signal is only passed at, approximately, the positive zero-crossing of the deflection signal; the 
phase can conceivably be changed depending on the reference signal sent to the comparator. The 
subsequent locked trigger is then used to simultaneously power the LED (for OPV tests) or the 
function generator (for voltage pulse tests) and to trigger the digitizer. The LED, with a peak 
wavelength at 405 nm or 523 nm, is optionally attenuated via neutral density filters and focused 
through an objective onto the top surface of the sample.   

The deflection signal is averaged by recording numerous runs, typically 1000 to 1250 for 
point scans and 6-10 per pixel for imaging, at sample rates of 50 MHz and 5-50 MHz, 
respectively. Without the circuitry (shown schematically in Figure S2A), there is substantial 
noise in the resulting averaged wave of +/- a cycle, as in Figure SB. The triggering circuit 
ensures that each wave is acquired at the same point and eliminates this time-resolution 
bottleneck.  
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Figure S2 
Using a phase-detecting circuit improves the time resolution. (A) Circuit schematic showing 
how to convert a trigger input to occur only at the rising zero-crossing edge of an input sine wave 
such as the deflection signal. (B) Consecutive digitized deflection waves showing high amount 
of jitter without (top) and with (bottom) a triggering circuit. The circuit ensures that the voltage 
and light are applied at the same point in the cycle, thus improving averaging by eliminating the 
averaging errors that can occur in the unlocked trigger case. 
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Data Processing 
The averaged deflection signal z(t) is filtered using a software finite impulse response 

bandpass filter and a standard Blackman windowing function in Igor Pro. The filtering does not 
adversely affect the tFP as long as the bandpass window contains a sufficient number of 
coefficients (usually 999). The bandpass filter is centered at the frequency with a bandwidth of 
20 kHz. Furthermore, to preserve the integrity of the step response, particularly for fast 
perturbations, we use a causal form of the filter with limited time shift by zeroing the negative 
coefficients (the large number of coefficients necessary and limited acquisition time make this 
the only viable option to create an edge-preserving causal filter). For the frequency curves 
plotted in, for example, Figure 1B in the main text, the data are only shifted in time by ~10 µs. 
Using a typical noncausal filter results in no such shift at the expense of blurring the start time of 
the resulting pulse. For most of the data, the frequency curves are smoothed using a 100 ns 
window, hence the lower limit for our claims of resolution. This process is not necessary when 
signal:noise is high (such as voltage pulses) and is primarily to make curve fitting easier (see 
below). For the OPV data, we optimize the fitting for a 1 ms window, since that balances the 
typical tFP values observed with measurement time. Igor Pro code is available upon request. 

The envelope amplitude A(t) and the instantaneous phase θ(t) are digitally extracted through 
a standard software Hilbert Transform demodulation.4, 5 Functionally, the Hilbert Transform 
phase shifts a signal by π/2; by combining the original signal u(t) with the phase-shifted signal 
û(t) it is possible to acquire A(t) and θ(t), and subsequently the instantaneous frequency f(t) 
through these equations: 

                (4) 
    (5) 

    (6) 

For an arbitrary sinusoidal signal of the form A(t)exp[j(ωt + δ)], θ(t) = ωt + δ. However, in 
our case the signal δ is really δ(t), and it is the signal of interest as it is the phase offset from the 
drive signal. The behavior of δ(t) reflects how the resonance frequency ω0(t) changes, so to 
isolate this we simply subtract ωt from the θ(t) signal. The resulting instantaneous frequency 
shift f(t) is therefore f(t) = dθ(t)/dt = dδ(t)/dt. The z(t) data are smoothed over a 100 ns range 
prior to taking the derivative. We use the built-in Hilbert Transform function in Igor Pro 
(HilbertTransform) to numerically demodulate the signal. Functionally, this process is 
equivalent to taking the Fourier Transform, removing the negative frequency components and 
then doing the inverse Fourier Transform, as mentioned in the supporting information by 
Yazdanian, et al.4 

The value of tFP involves finding the lowest value of the frequency wave, f(t). We fit a 
polynomial curve to the lowest frequency peak in the demodulated f(t) to find this value; the 
purpose of the curve is not physical in origin, it is to extract a value from the f(t). For the imaging 
data in Figure 3 from the main text we take multiple images over the same location and average 
the waves at each location to reduce signal:noise. The resulting image is gaussian-filtered to 
reduce the noise effects; this does not change the average value reported in Figure 3D and 
primarily eliminates erroneous low-tFP value spikes that can be detected due to the limited 
number of averages per point. While there are certainly other ways to probe the system (the time 
it takes for the phase of the signal to initially change, for example, or the time for the system to 
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shift some set frequency from the drive), the choice of using tFP is deliberate after numerous tests 
found this metric to be the most robust to sample drift, tip condition, and lift height.  

Signal:noise is, we believe, possibly limited by photodiode detector response based on 
private communication with the corresponding author of Ref. 4. Using a faster response or 
lower-noise detector, we might be able to acquire data where the limit may approach thermal or 
shot-noise limits. We are beginning investigations into these matters. 

 
Simulation Methods 

DDHO simulations were performed using Igor Pro with the equations described in the main 
text. The parameters were chosen to represent those of a typical experiment run using the 
calibration measurement described above and shown in Table S1.  

The tip response was also numerically calculated via finite element simulations in 
COMSOL. The tip is modeled with 2D axis geometry, as shown in Figure S3. The left side is the 
symmetry axis, the upper boundary is the bottom of the cantilever and tip, the lower boundary is 
the top of the sample surface, and the area in between represents air. The tilted line revolves 
around the axis to form the tip geometry, where the radius of the tip is 25 nm. The tip length and 
width are set to 6 µm and 1 µm, respectively. These are smaller than actual values (cantilevers 
used are typically 15 µm tall) and we do not include the full beam. The rationale behind this is 
that a predominately large portion of electric force is from the tip and we therefore balance 
computation time with simulation accuracy.  

 

 
Figure S3 
Numerical simulations of the tip-sample system. Electrostatic potential maps (z-component) of 
the tip-sample junction, where the sample and tip are metals (such as Pt and indium tin oxide, 
respectively) 

 
 Movement of the tip is governed by the DDHO equations, and the time-dependent 
electric force between the tip and sample is calculated with the Maxwell stress tensor as 
discussed in the main text. In each time step of the simulation, the tip position is recalculated 
using the harmonic oscillation as well as the effect of force via the Maxwell stress tensor.  
 
SUPPORTING DATA 
Time-Resolution Limitations of Feedback-Based trEFM 

 Classic time-resolved electrostatic force microscopy (trEFM) uses a feedback-based 
method to track the change in resonance frequency. We discuss in the main text how this method 
is limited to a time-resolution of ~100 µs.2 In a typical organic photovoltaic film such as 
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PFB:F8BT, prepared using a method similar to that reported previously by our group,1 the 
charging rate of the film scales with the light intensity.2 This effect is shown in Figure S4A, as 
the incident light intensity increases the change in ∂F/∂z, the change in Δω increases until 
becoming a step function when the limit of the feedback electronics is reached, as evidenced by 
the trEFM data taken at light intensities beyond ~430 W/m2. For an efficient blend like 
P3HT:PCBM, the behavior is different (possibly due to higher charge carrier mobility than in 
PFB:F8BT) but Δω changes as a step function even at low light intensities of <1 W/m2 (Figure 
S4B). The time resolution limit can be determined by using consecutive voltage pulses and 
observing the point at which they can be distinguished, as we reported in previous work.6 

 

 
Figure S4 
Limits of time-resolution due to feedback. (A) Typical normalized classic trEFM data curves 
of the same PFB:F8BT organic photovoltaic sample, showing the time-resolved behavior in the 
frequency shift. As the intensity increases the frequency shift response resembles a step function 
due to the time resolution limit, with ringing due to the feedback circuit, in this case occurring at 
an incident 405 nm LED intensity of ~430 W/m2. (B) For an efficient OPV blend, P3HT:PCBM, 
saturation occurs even at intensities as low as <1 W/m2 using a 523 nm LED in this case.  

 
FF-trEFM Data with Variations in Lift Height 

 The frequency shift is proportional to the force gradient and therefore decreases as the tip 
moves farther from the surface. However, Figure S5 indicates that the tFP does not vary 
considerably when the lift height is changed. The dashed lines (50 nm) show approximately the 
same tFP value as the solid lines (10 nm) when looking at the intersection of the tFP lines with the 
respective curves.  
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Figure S5 
Lift height dependence of tFP values. At four different voltage pulse rise times taken at 10 nm 
(solid) and 50 nm (dashed) lift heights, the tFP values are approximately the same. These data 
indicate that the tFP metric is robust against vertical drift effects unlike metrics used in steady-
state EFM such as frequency shift magnitude. 
 

 
Figure S6 
Lift height data comparing FF-trEFM and feedback-based trEFM on a PFB:F8BT film. 
Data were acquired at several lift heights and light intensities (405 nm LED, intensities range 
from 1560 W/m2 to 1.4 W/m2) with two different tips. As expected, there is a correlation 
between the classic charging time (y-axis) and tFP value (x-axis) and both techniques are fairly 
robust to lift height variations given that the data points fall on the same general trendline. 
 

 Figure S6 shows the monotonic link between tFP and charging rate time for a PFB:F8BT 
film with two different tips. Below 100 nm lift heights, most of the data fall along the same trend 
line. At 100 nm, it is possible that as the distance increases the electrostatic force is no longer 
dominated by the intense field at the apex but rather is a sum of the tip apex, the conical tip 
structure, and the cantilever beam.7 Additionally, the signal-to-noise is much lower as the lift 
height increases due to the smaller net frequency shift. We find that using 10 to 50 nm for the lift 
height is optimal. 
 
Voltage Dependence and Low Signal:Noise Sensitivity of tFP 
 We can use averaging to measure signals at low signal:noise. In Figure S7 we change the 
voltage while keeping other parameters the same and monitor the instantaneous frequency. 
Because the frequency shift scales with V2, decreasing the applied voltage from 10 V to 1 V 
causes the net frequency shift to go from ~280 Hz (black) to ~2.8 Hz (blue) with a signal:noise 
level reduced by ~99%. However, the tFP values are approximately constant as can be observed 
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by the overlapping behavior of the frequency curves at various voltage levels, meaning that we 
can use FF-trEFM processing for signals operating near, for example, the typical VOC level in a 
photovoltaic cell. 

 

 
Figure S7 
Instantaneous frequency with changes in applied voltage. The instantaneous frequency is 
shown for a 150 µs rise time voltage pulse with four different voltages: 10 V (black), 5 V (red), 2 
V (green), and 1 V (blue). The tFP value is approximately the same in that the instantaneous 
frequency trend is consistent the same across all voltages. The signal:noise varies with ΔV2, 
therefore at 1 V the frequency data exhibit 1% the signal:noise level yet the trend is still 
observable for a frequency shift of only ~2.8 Hz versus a drive frequency of 248.603 kHz. 

 
FF-trEFM Image Resolution 
 In Figure S8 we show an image taken at a Au-silicon interface. On silicon, the slightly 
longer tFP value relative to Au results in a clear step in the FF-trEFM image. The graph in Figure 
S8 shows the height and 1/tFP. The substantially lower frequency shift magnitude on silicon 
increases the fitting error and thus the noise. We determine the lateral resolution to be at worst 
~80 nm by finding the point beyond the metal edge where the error decreases to 50% of its 
average value. The resolution is similar to that observed in other EFM work as well as that 
reported previously by our group.2 

Finally, we show additional polymer:fullerene images. In Figure S9 we show an example 
image on an OPV blend of poly(2-methoxy-5-(3#,7#-dimethyl-octyloxy)-p-phenylenevinylene 
(MDMO-PPV) with PCBM. The films were cast from 1:4 MDMO-PPV:PCBM blends in 
xylenes to intentionally create larger domains. The vertical structure of these blends has been 
characterized in previous work,8, 9 and it is known that the topographically high domains consist 
of PCBM crystallites floating within a polymer-rich region. As a result, Figure S9B and S9D 
show different charging times that are not always correlated to the features– that is, some of the 
features are more efficient OPV materials than others even if topographically similar. The 
relatively low efficiency of these blends yields slightly longer tFP values (200-300 µs range) than 
are usually observed for P3HT:PCBM. 

The data were acquired using sampling rates of 10 MHz and 10 samples-per-pixel 
(Figure S9B) as well as 50 MHz with 5 samples-per-pixel (Figure S9D). Increasing the number 
of averages per point and the sampling rate dramatically improve the signal:noise during 
imaging, though it does increase data processing time. Data acquisition time is not significantly 
affected by increasing the sampling rate. The 50 MHz images take significant time to 
reconstruct, but improvements in coding should reduce this bottleneck.  
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Figure S8 
FF-trEFM resolution at an Au-Si edge. (a) Topography and (b) FF-trEFM 1/tFP data show the 
resolution at the Au edge. The FF-trEFM data show slower charging over the silicon than over 
the Au. (c) Representative trace from this data showing the height and 1/tFP. Over silicon, the 
much smaller frequency shift causes an increase in the error, but overall the 1/tFP value decreases 
with a steep drop at the Au-Si edge. These data indicate a resolution limit of better than ~80 nm. 
Data were taken using voltage pulses as in Figure 2, in this case with a 10 V, 20 µs characteristic 
rise time signal applied to the tip. 
 

Figure S9. 
Additional OPV image data on MDMO-PPV:PCBM blends. (A) Topography and (b) FF-
trEFM tFP image of a MDMO-PPV:PCBM film cast from xylenes using a 523 nm LED. The 
topographic features appear similar yet exhibit varying internal structure, therefore some areas of 
the film exhibit faster charging than others. 
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In Figure S10 we show the images corresponding to the data from Figure 3D in the main 

text, here shown with the same relative color scale. At shorter annealing times, the change in 
performance is dramatic as indicated by the increased high 1/tFP regions.  
 

 
Figure S10 
Additional P3HT:PCBM image data. FF-trEFM images corresponding to the plot in Figure 3D 
with annealing times of (A) 0 min, (B) 1 min, (C) 5 min, (D) 10 min and (E) 20 min, all with the 
same relative color scale.  
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who applied the GATR-FTIR protocols to collect data in Figure 7. 
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ABSTRACT: We show that local structural variation affects the
rate of aging in nanostructured polymer solar cells by comparing
time-resolved electrostatic force microscopy (trEFM) and
conventional device measurements on model polymer blends.
Specifically, we study photovoltaic devices made from 1:1 blends
of the polyfluorene copolymers poly(9,9′-dioctylfluorene-co-bis-
N,N′-(4-butylphenyl)-bis-N,N′-phenyl-1,4-phenylene-diamine)
(PFB) and poly(9,9′-dioctylfluorene-co-benzothiadiazole)
(F8BT). We photooxidize these films in situ using 365, 405,
and 455 nm illumination under ambient conditions, with the
wavelengths chosen to preferentially excite the different components. During photooxidation, we observe a faster loss of
photocurrent generation from F8BT-rich domains, leaving the PFB-rich phases to show higher photoresponse even at
wavelengths absorbed predominantly by F8BT. We propose that this effect is due to the more rapid degradation of PFB hole-
transport pathways in the F8BT-rich regions, resulting in a loss of percolation pathways for hole transport in the F8BT-rich
phase.

1. INTRODUCTION
Since the first reports of blended polymer heterojunctions,1,2

the efficiency of organic photovoltaics (OPVs) has improved
dramatically, with reports of single-layer devices now
approaching 10%3 and tandem organic solar cells exceeding
10%.4,5 Over the same time period, scientific interest in these
materials has also increasedin part because of the potential to
achieve large-area, low-cost solar cells via solution processing of
flexible organic semiconductors.6−9 Nevertheless, a major
concern that could limit the widespread use of OPVs is their
long-term stability.10

Studies have shown that OPV device performance tends to
degrade over time because of several causes,10,11 including
chemical interactions at the metal/organic interface,12 morpho-
logical instabilities in the blended active layers,13 and both
reversible and irreversible chemical changes of the semi-
conductor materials.14 To some extent, inverted device
architectures have mitigated the need for reactive metal
cathodes,15,16 and a variety of cross-linking and other strategies
can be used to stabilize polymer film morphologies.17−19

Suppressing chemical changes in the organic semiconductors is
still largely achieved via encapsulation.10

Even if OPVs ultimately use some form of encapsulation, a
better fundamental understanding of the mechanisms that lead
to chemical degradation of active organic semiconductor layers
in bulk heterojunction OPVs could still enable better design,
synthesis, and processing strategies to achieve more stable OPV
devices. Whereas there has been a limited amount of work in
this area,10,11,20 the correlations between local film structure
and photooxidation/trap formation in OPVs are essentially

unknown. This is unfortunate because heterogeneity is
ubiquitous in organic semiconductors,9,21,22 and one might
expect local compositional or structural variations to lead to
variations in degradation rates.
Photooxidation of OPVs is often studied by optical

methods,10,23,24 which yield chemical specificity but lack
electrical information. Furthermore, optical probes are typically
diffraction-limited with resolutions of hundreds of nanome-
ters.23,24 Electrical scanning probe microscopy methods have
the potential to probe local variations in OPV properties such
as charge transport, photocurrent collection, and trapping/
recombination.25−30 Indeed, we have previously shown that
time-resolved electrostatic force microscopy (trEFM) can be
used to characterize local trap formation in conjugated polymer
blends.28 However, in that work, we did not study the spatial
variations in photooxidation across a heterogeneous film.
Likewise, Sengupta et al. have applied cAFM and SKPM to
study photooxidation of polymer blends31 but focused their
studies only on differences between light and dark exposed
regions of an OPV film and not on variations in photooxidation
across the structurally heterogeneous domains of the bulk
heterojunction film.
Here we bridge this critical gap to demonstrate that local

composition affects the rate of photooxidation in nano-
structured polymer solar cells. We do so by comparing
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trEFM with conventional device measurements on blends of
the model polymers poly(9,9′-dioctylfluorene-co-bis-N,N′-(4-
butylphenyl)-bis-N,N′-phenyl-1,4-phenylene-diamine) (PFB)
and poly(9,9′-dioctylfluorene-co-benzothiadiazole) (F8BT).

2. MATERIALS AND METHODS
2.1. Materials and Device Fabrication. PFB (MW = 80

000−120,000, PDI = 2.0) was purchased from American Dye
Source (ADS232GE). F8BT (MW = 10 000−20 000, PDI < 3)
was purchased from Sigma-Aldrich (product no. 698687).
Structures for both materials are shown in Figure 1. Xylene

solvent was purchased from Sigma Aldrich (product no.
214736), degassed, and dried with 4 Å molecular sieves before
use. 1:1 weight ratio PFB:F8BT solutions were made from
mixing 20 mg/mL of PFB in xylenes solution and 20 mg/mL
F8BT in xylenes solution. To form devices, 90 nm of
PEDOT:PSS (HC Stark PEDOT 4083, lot no. LVW950) was
spincoated onto an ITO substrate (Thin Film Devices, OLED/
solar applications) and annealed at 120 °C under a N2
atmosphere for 1 h. The PFB:F8BT solution was then
spincoated onto the PEDOT:PSS-covered ITO in N2 glovebox
to form an 80 nm active layer. For trEFM, the film was then
loaded into a flow cell with a 150 cc/min dry N2 flow.
2.2. Photooxidation. After the PFB:F8BT blend films were

made, a UV−vis spectrum was taken on one of the films to
extract the absorption at each of the three degrading
wavelengths of trEFM. Then, the films were exposed without
top electrodes to different wavelengths, making the absorbed
photon dose to be 6.0 × 1010 photons/μm2, equal to that used
in the trEFM measurements; for the in situ experiments, see
below. The PFB:F8BT films were then loaded into an
evaporator, and 60 nm thick Al top electrodes were deposited
at 0.1 nm/s with a base pressure of 1.2 × 10−6 mbar in an
Edwards 306 AUTO evaporator. EQE measurements were
performed under vacuum with light from a halogen lamp
dispersed by a Spectra Pro 2150i monochromator from Acton
Research Corporation.
2.3. GATR-FTIR. The degradation procedures were the same

as those for devices. Measurements were carried out on a
Nicolet 8700 FT-IR spectrometer (Thermo Scientific)
equipped with a HgCdTe detector, GATR grazing angle ATR
accessory (Harrick Scientific) with a 65° fixed incident angle
and a 56 in-oz slip clutch. The spectrometer and accessory were
purged with dry N2 gas. Each spectrum was taken with 256

averages. Each raw spectrum was corrected with atmospheric
suppression and ATR correction; the baseline was then
subtracted.

2.4. AFM. trEFM measurements were carried out on MFP-
3D-BIO (Asylum Research)-based AFM with custom mod-
ifications using 300 kHz Pt-coated cantilevers (BudgetSensor
ElectriTap300). trEFM was carried out in a flow cell at a lift
height of 10 nm. For all trEFM data, the flow cell was
connected to flowing nitrogen. The flow cell used here has a
1.50 to 2.55 mL fluid volume after engaging the tip. For
photooxidation, the flow cell was connected to compressed air
and exposed to light calibrated to yield an absorbed photon
dose of 6.0 × 1010/μm2. The system was then purged again
with nitrogen for another 20 min before taking the
postoxidation trEFM images. The trEFM setup used is shown
in Figure 2 and is described in detail elsewhere.32,33 The 365,

405, and 455 nm LEDs were purchased from LED Engin
(product numbers LZ1-00U600, LZ1-00UA00, LZ1-00DB00,
respectively). Incident illumination power was calibrated using
a Si diode and film absorbance spectra to ensure a constant
absorbed photon dose at each wavelength.

3. RESULTS AND DISCUSSION
For these experiments, we chose the well-characterized model
polyfluorene copolymer blend PFB:F8BT because this system
provides a morphology that can be easily tailored by casting
from different solvents34,35 and because the composition of the
resulting structures has been well-characterized by a range of
experimental methods.36−38

Figure 1 shows the structures, absorption spectra, and energy
levels39,40 of PFB and F8BT as well as the optical properties of
a 1:1 blend cast from xylenes. The absorbance spectra of both
materials are consistent with those of classic PFB/F8BT
studies,34,35 with PFB absorbing most strongly at ∼380 nm and
F8BT absorbing most strongly at ∼470 nm. To first order, the
blend absorption appears primarily as a superposition of the
two component peaks, with each material contributing roughly
the same optical density at ∼405 nm. The different absorption
peaks of the two materials prove to be useful later because they
allows us to preferentially excite each material.
Figure 2 shows a photoluminescence image of a PFB:F8BT

blend film excited at 470 nm, collected with an emission filter
centered at 530 nm (inset is the topography of the PFB:F8BT
blend from an AFM measurement). At 530 nm, the blend
emission comes predominantly from the F8BT,34,35 and we

Figure 1. (a) Chemical structures of PFB and F8BT. (b) UV−vis
absorbance spectra for our PFB, F8BT, and 1:1 blend films. (c)
HOMO and LUMO levels of PFB and F8BT taken from
literature.39,40

Figure 2. Photoluminescence image of a 1:1 PFB:F8BT blend.
Excitation at 470 nm, emission filtered at 530 nm. Inset is the AFM
topography of the same film. AFM z-scale bar is shown on the left.
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thus attribute the bright regions in the PL image (higher
topography regions in the AFM image) to be F8BT-rich
domains, in good agreement with previous reports of PFB/
F8BT blends cast from xylenes.34,35 The large phase separation
is due to the low boiling point of the xylenes solvent being
used. Such a coarse ∼500 nm scale morphology is not optimal
for photodiode performance but is very useful for unambiguous
assignment of the domain composition and facilitates our
studies of the differences in stability between different domains.
Scanning-transmission X-ray microscopy (STXM) studies of
similar compositions of this type of film have shown that the
PFB-rich domains are ∼70% PFB while F8BT-rich domains are
∼90% F8BT.38

Figure 3a shows the external quantum efficiency (EQE)
spectrum from a pristine device made from a 1:1 PFB:F8BT
film of 80 nm thickness with 60 nm Al top contacts as a black
trace. As expected, the PFB:F8BT combination is rather
inefficient,34,35 with a peak EQE between 2 and 3% when
processed under these conditions. The pristine blend EQE
trace shows features associated with the absorption spectra of
both the PFB (shoulder at 405 nm) and F8BT (shoulder at 500
nm) components. Figure 3a also shows the EQE spectra from
identical devices prepared on films that have been degraded in
air under 405 nm illumination with absorbed photon dose of
6.0 × 1010/μm2. Importantly, the shoulder of the EQE curve
beyond 450 nm (where F8BT dominates the blend absorption)
degrades faster than the rest of the EQE curve, regardless of the
illumination wavelength being used. Figure 3b shows this trend
more clearly by plotting the ratio of device EQE before and
after photooxidation. We note that after photoxidation the
photocurrent response over the region from 450 to 550 nm has
degraded more on a relative basis than the photocurrent
response over the spectral range from 350 to 400 nm. Evidently
the contribution of F8BT to the overall photocurrent decreases
faster than the contribution from PFB for these samples.
We note that at these photon doses and exposure conditions

the decrease in EQE cannot be from bleaching of the polymer
absorption because there is no significant change in the UV−vis
spectrum of the blend (see Supporting Information, Figure S1).
Furthermore, there is little change even in the photo-
luminescence spectrum or intensity of the blend (see SI,
Figure S2). Thus the loss in photocurrent is likely due to local
trap formation, which changes the recombination/transport
balance in the film so that even though absorption of photons is
not significantly altered the successful extraction of photo-
generated carriers is diminished. Because transport and
recombination are highly morphology-dependent,9 we hypothe-
size that any changes in transport/recombination due to
photochemical degradation might also be morphology-depend-
ent. Such a morphology dependence could arise due to many

factors ranging from composition-dependent photochemistry
to morphology-dependent filamentary transport of charge
carriers in the context of energetic disorder.41,42

To examine local variations in photooxidation with structure,
we employed trEFM. Figure 4 shows an abbreviated schematic

diagram of the trEFM apparatus that we use to measure the
time rate of change of the capacitance and surface potential of a
thin semiconductor film following illumination.28,32,33 In this
way, we can use trEFM as a noncontact method to measure
spatial heterogeneity in local quantum efficiency due to both
structural32,33 and photochemical factors.28 More efficient
regions of the device deliver photogenerated charges to the
top surface of the film at a faster rate, leading to faster charging
of the tip−sample capacitor.
As depicted in Figure 4, we photodegraded films in situ using

the same wavelengths (365 nm = preferential PFB excitation;
405 nm = equal PFB and F8BT excitation; and 455 nm =
preferential F8BT excitation) that we used in the macroscopic
photodiode experiments. In this way, we can directly image the
relative changes in photocurrent arising from differences in
photooxidation rates.
The top row of photooxidation in Figure 5 shows trEFM

images of the same area of a pristine PFB/F8BT blend

Figure 3. (a) EQE spectra of pristine and photooxidized samples. Black solid line is for pristine film. Blue dashed line is for 405 nm photooxidation.
(b) The ratio of EQE versus wavelength post-/pre-photooxidation (black line), plotted on the left axis. Overlaid are the absorbance of PFB (red
dotted line) and F8BT (green dashed line), respectively, plotted for reference on the right axis.

Figure 4. Schematic of trEFM setup. The sample was kept in a flow
cell under a dynamic flow of dry N2. The LED light was focused
directly under the AFM tip to generate charges. The sample was
grounded. +10 V was applied to the tip. The oscillation frequency shift
of the cantilever is due to changes in the capacitance gradient that
results from the changes in the distribution of charge carriers
underneath the tip. The exponential decay of oscillation frequency is
fitted to extract the charging rates at each point.
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collected with 365, 405, and 455 nm excitation sources. In each
image, the bright-yellow regions correspond to faster photo-
induced charging rates (more efficient local current generation
and collection). The images show clear contrast, with the PFB-
rich domains showing the fastest (most efficient) local rates
when the film is excited at 365 or 405 nm. When the F8BT
domains are preferentially excitedk, the film shows more
uniform contrast but with distinct suppression of the
photocurrent near the visible domain boundaries at 455 nm.
The spatial contrast in the pristine PFB:F8BT films shown in

Figure 5b−d is a convolution of the compositionally induced
variations in light absorption at each location and spatial
variations in the quantum efficiency of the film. The local
spatial variations in photocurrent collection in the PFB:F8BT
system are known to be very sensitive to the exact film
morphology, and undergo rapid changes in contrast near the
50:50 blend composition used in this study.32 Here, we have
used only one blend composition, and our focus is instead on
exploring how image contrast evolves after photooxidation.
To photooxidize the film, we exposed it to an absorbed dose

of 6.0 × 1010 photons per μm2 from a 405 nm LED while the
samples were in ambient air. We then purged the sample cell
with dry nitrogen for 20 min and reimaged the samples with
trEFM. Figure 5e−g shows the results, again probed with 365,
405, and 455 nm excitation. As expected, Figure 5e−g shows
slower photoinduced charging rates after photooxidation, as
would result from slower transport and increased recombina-
tion losses due to photochemically formed trap states.28

We note that Figure 5b−g also shows that the contrast
between the different PFB-rich and F8BT-rich regions changes
following photooxidation. Importantly, by comparing the
charging rates before and after photooxidation in Figure 5,
we observe faster degradation rates in the regions of higher
topography (F8BT-rich domains). For instance, under 455 nm
illumination, the charging rate goes from an overall almost
homogeneous image (Figure 5d) to one with strong contrast
(Figure 5g). Qualitatively similar results are obtained by
photooxidizing at 365 or 455 nm (SI Figure S4, S5). Even when
the film is degraded with 365 nm light (preferential excitation
of PFB), the strongest contrast in charging rate is observed by
probing with 455 nm light (preferential excitation of F8BT),
with the largest loss of charging rate occurring in the F8BT-rich

regions. In other words, the trEFM data show that the F8BT-
rich domains lose their ability to generate/harvest photocurrent
faster than the PFB-rich domains. To better visualize the
changes in trEFM charging contrast due to photooxidation, we
plot the trEFM data as retained charging rate ratio images. We
define the retained charging rate at each pixel as:

=R
k

kCR
phox

pristine (1)

where kphox is the retained charging rate after photooxidation
and kpristine is the charging rate on the fresh film without
photooxidation. Each sample area was imaged before and after
photooxidation at a single degrading wavelength, with the three
probing wavelengths (365, 405, and 455 nm).
Figure 6 shows a 3 × 3 matrix of such retained charging rate

(RCR) images along with the associated film topography. The

data shown correspond to 21 total scans and 3 separate
photooxidations. Bright areas are those that show little
degradation after air/light exposure while dark areas are those
that show significant degradation. These images provide
dramatic visual evidence of our contention that the F8BT-
rich regions of the film are losing their photocarrier generation/
collection efficiency faster than the PFB-rich domains. Figure
6d−l shows that regardless of what wavelength is used to
photooxidize the film and no matter what wavelength is used to
photoexcite the film during for trEFM measurement the result
is always the same: the F8BT-rich domains are darker in the
ratio images, indicating they retained a smaller fraction of their
initial efficiency after photooxidation. The images are all
displayed with the same z-axis color scale. We do observe a
greater extent of photooxidation in Figure 6j−l, all probed with
455 nm, perhaps because this wavelength is preferentially
absorbed by F8BT.
Qualitatively, Figure 6 shows clearly that for all excitation

wavelengths the F8BT-rich domains are losing their ability to
generate photocurrent more rapidly than the PFB-rich

Figure 5. Charging rate maps of a given sample area. (a) Topography
of the sample under investigation. (b−d) trEFM images scanned at
365, 405, and 455 nm illumination, respectively, when the sample was
pristine. (e−g) trEFM images scanned at 365, 405, and 455 nm
illumination, respectively, when the sample was photooxidized with
405 nm illumination.

Figure 6. Charging ratio images of given areas. For each row, the
image on the left-hand side is the topography of area under
investigation. (a) for d, g, and j; (b) for e, h, and k; and (c) for f, i,
and l. For the 3 × 3 block on the right, each one is the charging ratio
image before and after photooxidation. For example, each pixel in
panel e is the charging rate ratio probed with 365 nm illumination
before and after photooxidation with 405 nm illumination. All of the
charging rate ratio images share the same scale bar on the right. The
average value of charging rate is lower when probing with 455 nm
illumination.
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domains. A quantitative analysis (SI Table S1) shows that the
degradation of the F8BT-rich domains is anywhere from 1.1 to
2.5 times faster than the PFB-rich domains depending on the
degradation and probing wavelengths used. On the upper end,
these ratios (SI Table S1) are just outside the ratio of F8BT
concentration present in these domains, and one might thus
interpret our data as indicating that degradation is simply
linearly proportional to local F8BT concentration within a
domain. However, an examination of the wavelength-depend-
ent data in Figure 6 (and the ratios at different wavelengths, SI
Table S1) shows that at wavelengths where only F8BT absorbs
the response of the F8BT within the F8BT-rich regions is
falling off faster than the response of the F8BT within the PFB-
rich regions.
The trEFM photooxidation data are not only consistent with

the device data but thus add a suggestive level of missing detail.
Indeed, the trEFM data suggest that the reason that the F8BT
photoresponse shown in Figure 3 is falling off faster in the
macroscopic photodiode measurements is because the regions
where most of the F8BT absorption is taking place (the F8BT-
rich domains) suffer from faster relative photooxidation overall.
These images provide important evidence in support of the

hypothesis that local film structure will affect the local stability
of the blend during photovoltaic operation. The origin of this
local variation is a matter for speculation. It seems troubling
that the F8BT-rich regions would lose performance fastest, as
we would generally expect F8BT to be more oxidatively stable
than PFB due to its greater ionization potential (Figure 1).39,40

Indeed, when we subjected neat films of PFB and F8BT to
photooxidation experiments characterized by grazing angle
attenuated total reflection GATR-FTIR, we found that at the
same dosage PFB degrades much faster than F8BT, evidenced
by the dramatic difference in keto-defect peak ∼1720 cm−1,
Figure 7. This is the carbonyl stretch of fluorenone.28,43 Keto-

defects have been found to be electron trapping.44 However, we
point out that the photochemical reaction is a complex process
that yields a variety of products. Their respective charge-
transport properties are not well-investigated, and blends
undergoing photoinduced charge transfer may react differently
than pristine materials.
In PFB/F8BT-based OLEDs it has been reported that

dedoping of the PEDOT:PSS layers as a result of pinhole
defects in the electrode could explain performance losses over
time.45 However, we do not believe that such a mechanism can

explain our photodegradation data because the current density
should be higher in the PFB-rich domains and lower in the
F8BT-rich domains, thus, if the loss of device performance was
from dedoping of the underlying PEDOT:PSS layer, then we
should expect the PFB-rich domains to degrade faster, which is
the opposite of what we observe.
Given these contradictions and the evidence for lower

oxidative stability of our PFB relative to our F8BT samples, we
speculate that the origin of the spatial variation in stability
observed in Figures 5 and 6 could be due to the breakdown of
nanoscopic PFB hole transport pathways in the blend.
Ironically then, our working hypothesis would suggest that
the F8BT-rich domains are degrading fastest because they have
a lower fraction of less stable PFB (typically ∼10%,38 the exact
composition may depend on the microscopic location,
processing conditions such as spin-coating speed, and temper-
ature, but there is no doubt of dominance of F8BT in the
F8BT-rich domains,36−38 making the few PFB-based hole-
transport pathways that exist in those domains more susceptible
to low levels of damage).
To test this hypothesis, we used conductive AFM (cAFM) to

measure the hole current through the film injected by a gold
tip. Because of the better alignment of the HOMO level of PFB
with gold,39,40 hole current is predominantly carried by the PFB
component in both phases in the blend, which is confirmed by
Figure 8b because there is a larger PFB composition in the

lower topography, PFB-rich regions.36−38 After photooxidation
with 405 nm at the photon dose used in trEFM, we observe a
larger loss of hole current in the F8BT-rich phases shown in
Figure 8c. Figure 8c is a hole current ratio image, defined as
hole current post-/pre-photooxidation. Each pixel in the image
is of the value:

=R
I

Icurrent
phox

pristine (2)

Figure 7. GATR-FTIR absorbance spectrum of PFB, blend, and F8BT
after photooxidation with absorbed photon dose of 2.0 × 1012/μm2
with 405 nm LED. Ketone defect formation is indicated by CO
stretch ∼1720 cm−1.

Figure 8. Current image of a PFB:F8BT blend after photooxidation.
(a) Topography image of the sample area. (b) Current image of
pristine sample under 5 V bias. (c) Retained current ratio image
plotting the ratio of injected hold current before and after
photooxidation, showing that whereas the PFB-rich domains have
much higher hole injection current densities, in both cases, the F8BT-
rich domains show the biggest proportional decrease in hole current
following photooxidation.
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where Ipristine is the current before photooxidation and Iphox is
the current of the same pixel after photooxidation. The current
ratio image suggests that proportionally hole current loss is
higher in the F8BT-rich domain than in the PFB-rich domain.
If photooxidation was merely doping the polymer, then we
would expect a rise in the hole current.24,46 However, we see a
drop of current over the entire image. This drop would be
consistent with a breakdown of hole transport pathways due to
photooxidation and we therefore conclude that our cAFM data
are consistent with our hypothesis that the loss of photocurrent
in the F8BT-rich domains could be from the degradation of
hole transport pathways. However, we point out that this
hypothesis will still need to be tested further and hope our
findings will stimulate future experimentation.

4. CONCLUSIONS
We have used a combined study of trEFM and device EQE
measurements to show that the rate of device aging in
nanostructured polymer solar cells can depend on local
composition in a model polyfluorene copolymer blend solar
cell. After photooxidizing the films, we observed that the device
EQE spectra show a reduced contribution from the spectral
region attributable to F8BT absorption. Importantly, the in situ
trEFM data show that this result can be explained by a relatively
faster decay of the photocurrent contributions from the F8BT-
rich domains to the net device photocurrent, even while the
F8BT present in PFB-rich domains appears to continue to
contribute to the device photocurrent. Consistent with our
FTIR and cAFM data, we speculate that this differential
degradation could be the result of broken percolation networks
of the minority PFB chains within the F8BT-rich networks.
Overall, these data show that local compositional heterogeneity
can affect device aging and that an understanding of
photochemical degradation and trap formation on the nano-
scale could prove to be invaluable in understanding and
improving the lifetime performance of organic solar cells.
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We observe virtually no change in absorbance of the blend before and after photooxidation 

with 6.0×1010 photons/ µm2
 at 405 nm (or 2.9 J/cm2), as shown in Fig. S1.  

 

Figure S1. UV-vis spectrum of PFB:F8BT blend before (black solid line) and after (red dashed 

line) photooxidation with 6.0×1010 photons absorbed per µm2. 
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We observe slight photoluminescence quenching following photooxidation as demonstrated by 

the the PL spectra for a 1:1 PFB:F8BT blend before and after photooxidation in Fig. S2. These 

measurements were carried out on a Nikon TE-2000 inverted microscope with output directed 

through a fiber optic cable (diameter = 100 µm, UV-VIS transmission, Ocean Optics, Dunedin, 

FL) to a portable CCD spectrometer (USB2000, Ocean Optics) and illumination from a metal 

halide lamp (Lumen Dynamics, X-cite 120).  Measurements were conducted in a closed flow cell 

with dynamic N2 flow. Excitation was filtered at 405nm with bandwidth of 20 nm, emission was 

filtered using a 425 nm longpass filter. 

 

 

Figure S2. Photoluminescence spectrum of PFB:F8BT blend before (black solid line) and after 

(red dashed line) photooxidation with 6.0×10
10

 photons absorbed per µm
2
. 
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Figure S3. Control study of possible degradation in the flow cell with dynamic nitrogen flow, 

the same sample area was scanned under trEFM in a row to show the contrast. a) is the area 

being scanned, b) is the charging rate ratio image as described in the main text, c) is the 

histogram of b), the average value is 0.994, showing virtually no degradation. 

 

 

 

Figure S4. (a) The topography before photooxidation of a sample used in images b-g . (b-d) 

Charging rate maps with the same sample area as in (a), but generated by trEFM and scanned at 

365 nm, 405 nm and 455 nm, respectively when the sample was fresh. (e-g) trEFM images 

scanned at 365nm, 405nm and 455nm, respectively after being photooxidized with 365 nm 

illumination. 
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Figure S5. (a) The topography before photooxidation of a sample used in images b-g . (b-d) 

Charging rate maps with the same sample area as in (a), but generated by trEFM and scanned at 

365 nm, 405 nm and 455 nm, respectively when the sample was fresh. (e-g) trEFM images 

scanned at 365nm, 405nm and 455nm, respectively after being photooxidized with 455 nm 

illumination.  
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Figure S6. Degradation of the two domains under different absorbed photon dose, both 

photooxidizing and probing wavelengths are 365 nm. Red triangles and blue squares are for the 

PFB-rich and F8BT-rich domains, respectively. Red and blue lines are the respective linear 

fittings, ! " #0.014( ) 1.00 (red line) and ! " #0.035( ) 0.96 (blue line). 

 

 

 

 

Table S1. Quantitative analyses of the two domains under different photooxidizing and probing 
wavelengths. 
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Chapter 5. HALLMARKS OF REVERSIBLE SEPARATION OF 

LIVING, UNPERTURBED CELL MEMBRANES 

INTO TWO LIQUID PHASES 

Reproduced with permission from Rayermann, S. P.; Rayermann, G. E.; Cornell, C. E.; 

Merz, A. J.; Keller, S. L. Biophys. J. 2017, 113(11), 2425–2432. Copyright 2017 Elsevier. 

 

https://doi.org/10.1016/j.bpj.2017.09.029 

 

My contributions to this work: In collaboration with SPR, I collected data for Figure 

S5(C); Figures 3, 4, S9, S10, and S11; and Figure S6(B). I performed all data processing for and 

created Figures 3, 4, S9, S10, and S11. I collaborated with SPR on yeast sample preparation as 

well as development of the temperature cycling protocol [Table S3] and the cell-free vacuole 

mounting method. I aided in the creation of Figure S5. I co-wrote and co-edited the manuscript 
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Hallmarks of Reversible Separation of Living,
Unperturbed Cell Membranes into Two Liquid
Phases

Scott P. Rayermann,1 Glennis E. Rayermann,1 Caitlin E. Cornell,1 Alexey J. Merz,2,* and Sarah L. Keller1,*
1Department of Chemistry and 2Department of Biochemistry, University of Washington, Seattle, Washington

ABSTRACT Controversy has long surrounded the question of whether spontaneous lateral demixing of membranes into coex-
isting liquid phases can organize proteins and lipids on micron scales within unperturbed, living cells. A clear answer hinges on
observation of hallmarks of a reversible phase transition. Here, by directly imaging micron-scale membrane domains of yeast
vacuoles both in vivo and cell free, we demonstrate that the domains arise through a phase separation mechanism. The domains
are large, have smooth boundaries, and can merge quickly, consistent with fluid phases. Moreover, the domains disappear
above a distinct miscibility transition temperature (Tmix) and reappear below Tmix, over multiple heating and cooling cycles.
Hence, large-scale membrane organization in living cells under physiologically relevant conditions can be controlled by tuning
a single thermodynamic parameter.

INTRODUCTION

Scientists have invested decades of effort into probing the
lipid and protein composition of cell membranes for evi-
dence of heterogeneity, which has the potential to control
protein sorting, signal transduction, and other processes
(1). Aside from several important exceptions, especially in
yeast (e.g., (2–10)), that extensive body of work has implied
that the length scale of compositional heterogeneity in the
membranes of unstimulated cells is limited to nanoscales,
especially in plasma membranes of mammalian cells (re-
viewed in (11–14)). Submicron domains in membranes
gained notoriety as ‘‘rafts,’’ and, more recently, as dynamic,
short-lived ‘‘platforms’’ (12,15). These concepts are contro-
versial because both terms are loosely or inconsistently
defined, and because nanoscale domains are, at best, chal-
lenging to observe directly. In contrast to cell membranes,
model lipid membranes spontaneously demix on large
(mm) length scales into two well-defined liquid phases.
This demixing follows thermodynamic principles (16,17).
The concept of phase separation is subject to established,
quantitative rules that enable rigorous verification of predic-

tions. These rules apply equally well to simple bilayer mem-
branes composed of only three types of lipids, the complex
bilayer membranes of giant plasma membrane vesicles
blebbed from cells, and phase-separated cytoplasmic drop-
lets recently implicated across a variety of cell biological
activities (18–20).

Tantalizing hints have been reported since the 1960s that
living membranes are capable of separating into coexisting
liquid phases, just as model membranes are. Pioneering
experiments investigated the vacuole, the lysosomal organ-
elle of budding yeast. Using freeze fracture electron micro-
scopy (EM), Moor and M€uhlethaler (2) found that vacuole
membranes of unfixed yeast contained domains depleted
of large proteins. Domains in vacuole membranes are phys-
iologically regulated: large proteins are randomly distrib-
uted across vacuolar membranes in the logarithmic phase
of yeast growth, whereas protein-depleted domains appear
when yeast are in the stationary phase (as nutrients are
exhausted and the rate of cell division slows) (3,4,6,7,9).
In many cases, the domains in vacuole membranes are
!200 nm or larger, and are therefore resolvable using con-
ventional optical microscopy (6).

The visual similarity of domains that form in both
synthetic and cell-derived model membranes (Fig. 1, a
and b, respectively) to domains that form in yeast vacuole
membranes in vivo (Figs. 1 c and S2) is striking. In Fig. 1
c, contrast between the two domain types is provided by
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green fluorescent protein (GFP)-tagged Vph1 (Vph1-GFP),
an integral membrane subunit of the vacuolar proton
ATPase. Elegant experiments revealed that Vph1 is one of
many proteins and lipids that segregate to one of the two
domain types in vacuole membranes of living cells (6). In
recent work, the live cell results with Vph1 were unambig-
uously linked to the early freeze fracture EM observations
by immunogold labeling of freeze fracture replicas (9). In
other words, freeze fracture EM and optical microscopy of
intact vacuoles in living cells observe exactly the same
membrane structures.

Two hallmarks of a membrane separating into liquid
phases are 1) coalescence of domains on short timescales
and 2) reversible mixing and demixing as a single thermody-
namic parameter is varied. Previous attempts to observe
these hallmarks in vacuole membranes have been inconclu-
sive. Although multiple domains have been observed to
merge into one larger domain, they did so on long time-

scales (6). Similarly, although the fractions of mixed and
demixed vacuole membranes have been observed to vary
with temperature changes from 30 to 40!C (by Moeller
et al. in 1981), subsequent research using live yeast reported
that ‘‘vacuolar structures did not visibly change when sam-
ples were visualized at a range of temperatures from 20 to
55!C’’ (by Toulmay and Prinz in 2013) (4,6). Salient details
of the early work are: the yeast were fixed before freeze
fracture, the fraction of vacuoles exhibiting domains
decreased from >75% to "50% when the temperature of
stationary phase yeast was increased from 30 to 40!C, and
that fraction recovered when temperature was returned to
30!C (4). The authors concluded that a solid (gel) phase
transition had occurred (4).

Additional observations are consistent with, but do not
prove, vacuole domains being due to membrane demixing
into two coexisting liquid phases. 1) A variety of domain
morphologies are evident in vacuole membranes, including
pseudohexagonal arrays, stripes, and ‘‘half-moons’’ with
only one large domain of each type (6,7). 2) Under the stud-
ied growth conditions, "25% of vacuole membranes
resembled half-moons (6). 3) On cell-free vacuoles, do-
mains persisted after proteolytic digestion of proteins on
the cytoplasmic faces of isolated vacuoles (6). 4) All labels
used, which included 14 different endogenous protein
markers and three lipid-sensitive probes, partitioned into
one or the other of only two types of domains (6,9). 5) Vac-
uoles typically contain 7–15 mol % sterol (21,22), and the
vacuole sterol content appears to increase during stationary
phase (9). When ergosterol (the major sterol of yeast mem-
branes) is depleted with drugs or genetic manipulations,
domain formation is impaired (6,7,9). Synthetic membranes
exhibit coexisting liquid phases only when one of their lipid
components is a sterol such as ergosterol or cholesterol
(23). 6) More broadly, several mutations that affect the lipid
composition of vacuolar membranes result in the absence of
membrane domains (6,7,9). Domain formation is linked to
the availability of lipids and sterols, which are delivered to
the vacuole via lipid esters stored in cytoplasmic lipid drop-
lets, through a process called microlipophagy (7,9,24).
Although all six of these findings are consistent with the hy-
pothesis that vacuole domains arise through phase separa-
tion, none of them presents a direct test.

We now test key predictions of the phase-separation
hypothesis. If the phases are liquids, then domains are
predicted to merge and rearrange on short timescales. If a
miscibility transition occurs, the membranes are predicted
to reversibly demix at a constant transition temperature.
We conclude that vacuole domains exhibit hallmark behav-
iors of phase separation.

MATERIALS AND METHODS

Table S1 in the Supporting Material lists methods and conditions for each
figure and movie.

FIGURE 1 Micron-scale, coexisting liquid phases appear in membranes
of synthetic and biologically derived model systems at equilibrium, and
similar patterns appear on vacuole membranes of living yeast cells. (a)
Giant unilamellar vesicles produced from ternary mixtures of synthetic
lipids, imaged by wide-field epifluorescence microscopy. (b) Giant plasma
membrane vesicles blebbed from adherent cells, imaged by standard
epifluorescence. (c) Vacuoles within living yeast cells in the stationary
phase of growth. Cells expressing a fluorescent vacuole membrane protein
fusion (Vph1-GFP) were grown at 30!C and imaged at ambient temperature
("22!C) using either standard wide-field epifluorescence illumination,
wide-field illumination with z-sectioning followed by iterative deconvolu-
tion, or structured illumination microscopy (3D-SIM) followed by iterative
deconvolution. Information on the growth and imaging procedures is in the
Materials and Methods. A version of this figure without green pseudocolor
appears in Fig. S1. Scale bars in (c), 2 mm. ER, endoplasmic reticulum. To
see this figure in color, go online.

Rayermann et al.
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Synthetic membranes

Giant unilamellar vesicles (GUVs) were electroformed (25) and imaged as
previously described (18,26). In Figs. 1, S1, S3, and S4 and Movie S8, the
GUVs are composed of 35 mol % diphytanoyl-phosphatidylcholine, 35 mol
% dipalmitoyl-phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL),
and 30 mol % cholesterol (Sigma, St. Louis, MO). The GUV in Fig. S4
is composed of 40 mol % di(13:0)-phosphatidylcholine, 20 mol % diphyta-
noyl-phosphatidylcholine, and 40 mol % cholesterol. All GUVs are labeled
with 0.8 mol % Texas Red dipalmitoyl-phosphatidylethanolamine (Invitro-
gen, Carlsbad, CA).

Giant plasma membrane vesicles

The vesicle in Fig. 1 b was imaged at 10!C under control conditions in (27).
Briefly, vesicles were prepared by incubating adherent RBL-2H3 cells in a
buffer containing dithiothreitol and formaldehyde, and imaged on an
inverted epifluorescence microscope (Olympus, Center Valley, PA) (27).

Yeast cell culture

A BY4742 derivative, MAT a his3D1 lys2D0 ura3D0 leu2D0 VPH1-
GFP::HIS3MX6, was used. In general, when yeast are placed in fresh
growth media, their growth follows a characteristic sequence of events. A
‘‘log phase’’ of rapid growth is followed by a ‘‘stationary phase’’ in which
yeast vacuoles fuse to become as large as 5 mm in diameter (28,29). Cul-
tures (200 mL) were grown in synthetic complete media at 30!C in a
shaking incubator for "20 h until the optical density of the culture was
"1.7, using 600 nm wavelength light. The culture was then grown for an
additional"43 h to reach the stationary phase, where the optical density us-
ing 600 nm wavelength light falls in the range of 6.8–7.8. This procedure is
depicted in Fig. S5, B and C.

Vph1-GFP fusion protein

Yeast vacuoles were labeled by fusing the Vph1 protein to GFP, using
homologous recombination. The fusion protein was expressed from the
chromosomal VPH1 locus under the native promoter, at normal cellular
copy number. The Vph1 fusions are known to retain physiological function
and were previously shown to not spontaneously aggregate within the vac-
uole membrane, even during vacuole:vacuole docking (30). Vph1-GFP has
been shown to colocalize in yeast vacuoles to the same membrane domains
as the fluorescent tracer FM4-64, which partitions preferentially to the
liquid-disordered phase in GUVs (6). Filipin, a dye that binds sterols, par-
titions preferentially to vacuole regions depleted in Vph1-GFP (6).

Yeast imaging

Yeast are typically 5–10 mm in diameter, vacuoles are 3–5 mm, and domains
in vacuole membranes are often close in size to the Abbe diffraction limit
("200 nm). Yeast were imaged by the four imaging techniques described in
detail below. Image sequences collected by these techniques were then
processed using a Kalman filter algorithm implemented in Image J (public
domain http://rsbweb.nih.gov/ij/) to reduce detector and shot noise. For
some experiments, yeast cells were adsorbed to cover slips coated with
concanavalin A lectin (Elastin Products Company, Inc., Owensville, MO).

Imaging: wide-field illumination

Yeast cells were imaged with an electron-multiplying charge-coupled de-
vice camera on an Olympus IX71 fluorescence microscope as previously
described, using a 60 # 1.4 NA oil immersion objective (31). To reduce

noise, multiple exposures were averaged. In the wide-field micrograph in
Fig. 1 c and all images of Fig. S2, eight consecutive 400 ms exposures
were averaged. The micrographs in Fig. S6B were obtained by averaging
four consecutive 200 ms exposures. To preserve the fidelity of images, no
adjustments other than averaging and brightness levels were made (e.g.,
contrast was not altered).

Imaging: HILO illumination

To increase the signal-to-background ratio, yeast were imaged using highly
inclined laminated optical sheet (HILO) illumination (32,33) on a home-
built Nikon Ti-U system with a 561-nm dipole-pumped solid-state laser
(MPB Communications, Pointe-Claire, QC, Canada). A Nikon CFI Plan
Apo Lambda 100 # 1.45 NA objective was used along with a dichroic
quadband with 488/561/647/752 lines (Chroma) and an ET605/70m filter.
Images were acquired on an electron-multiplying charge-coupled device
(iXon Ultra 897, Andor) operating in frame transfer mode at 10 Hz, as
described (34). To preserve the fidelity of images, no adjustments other
than averaging and brightness levels were made (e.g., contrast was not
altered).

Imaging: deconvolution microscopy

Iteratively deconvolved wide-field sequences of images were acquired on a
DeltaVision system (GE Healthcare, Little Chalfont, UK) equipped with a
CMOS camera and a 60 # 1.40 NA objective (Olympus). Cell suspensions
were introduced to homemade flow chambers made from #1.5 cover slips
passivated with concanavalin A. Unbound cells were washed out with
depleted media taken from the supernatant of 1 mL of sample spun down
at 1200 rpm for 2 min or (for hypoosmotic shock experiments) with water.
Z-stacks were acquired at 200 nm spacing, usually at 0.15 s exposure per
frame, and were deconvolved using SoftWorx software (GE Healthcare).
From the deconvolved Z-stacks, brightest-point projections were computed.
The projection time series datasets were then corrected for photobleaching
using a histogram-matching algorithm implemented in ImageJ, and, finally,
were Kalman filtered to reduce noise, also in ImageJ.

Imaging: structured illumination microscopy

Samples were mounted as for deconvolution and imaged using an OMX-SR
instrument (GE Healthcare) equipped with a 63 # 1.42 NA objective
(Olympus). The immersion oil refractive index was typically 1.516.
Z-stacks were acquired at 120 nm spacing and images were deconvolved
using the SoftWorx deconvolution package. Weiner spatial filter constants
from 0.001 to 0.010 yielded similar reconstructions.

Imaging: standard epifluorescence

Both the synthetic GUV membranes and blebbed giant plasma membrane
vesicle membrane imaged in Figs. 1, a and b, S3, and S4, and in Movie
S8 were imaged as previously described (18,35). To preserve the fidelity
of images, no adjustments other than averaging and brightness levels
were made (e.g., contrast was not altered).

Thermal cycling

For both in vivo and cell-free yeast vacuole samples, temperature was
controlled by air from a heat gun and monitored using a calibrated thermo-
couple. The thermocouple tip was inserted between the cover slip and slide
to make direct contact with the sample. The edges of the cover slip and slide
were sealed with vacuum grease to prevent water loss due to evaporation. In
experiments in which temperature data was collected, a graph is provided
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within the figures and, for the in vivo vacuoles, within the movies. The syn-
thetic membrane GUV shown in Fig. S3 and Movie S8 was temperature
controlled as previously described, and the temperature was cycled around
its miscibility transition temperature of 46.1!C.

Cell lysis to create cell-free vacuoles

Cells were harvested in a swinging-bucket rotor (3200 " g) for 10 min at
room temperature, resuspended in 0.1 M Tris (pH 9.4) and 10 mM dithio-
threitol, and incubated for 10 min at 30!C. The cells were again sedi-
mented in a swinging-bucket rotor (3200 " g) for 5 min at room
temperature and then resuspended in spheroplast buffer (600 mM sorbitol,
50 mM potassium phosphate pH 7.5, and 8% v/v depleted media, saved
from the first centrifugation step). Lytic enzyme (Zymolyase 20T, Seiki-
gaku; further purified by ion exchange chromatography) was added to
threefold higher concentration than in our standard vacuole prep (36) to
adjust for cell wall composition in yeast grown into the stationary phase,
and the cells were incubated for 1 h at 30!C. The spheroplasted cells
were sedimented in a swinging-bucket rotor (3200 " g) for 5 min at
4!C. For hypoosmotic lysis, spheroplasts were resuspended in 15% ficoll
buffer (10 mM Pipes-KOH pH 6.8, 200 mM sorbitol, and 15% w/v ficoll)
and diethylaminoethyl-dextran was added to a final concentration of
0.005–0.01% w/v. Spheroplasts were incubated for 2 min on ice, then
3 min at 30!C. The resulting spheroplast lysates were stored on a wet
ice bath for no more than 4 h before use.

Mounting cell-free vacuoles on slides

A thin agarose cushion was prepared by spin coating 55 mL of molten 0.8%
(w/v) agarose in Pipes sorbitol buffer (10 mM Pipes-KOH pH 6.8 and
200 mM sorbitol) on plasma-cleaned glass cover slips. Vacuole lysates
were diluted 1:10 with molten 0.8% w/v low-melt agarose in Pipes sorbitol
buffer. The solution was mixed by gentle vortexing, deposited onto agarose-
coated slides, and imaged by the same procedure as for living cells. Immo-
bilization of vesicles within agarose gels does not affect the diffusion
coefficient of individual lipids in vesicle membranes (37).

Osmotic gradient

A simple flow cell was constructed from two cover slips joined along their
edges by spacers of double-sided tape. The bottom cover slip was coated in
concanavalin A. Yeast cells in their depleted media were drawn into the
flow cell by capillary action and absorbed to the concanavalin A-coated
cover slip. To induce hypoosmotic swelling of the vacuole, a volume of de-
ionized water, equal to the volume of sample loaded into the flow cell, was
deposited at one end of the microfluidic chamber. Fluid was then wicked
from the opposite end of the flow cell to introduce water into the flow cell.

RESULTS AND DISCUSSION

The first hallmark of liquid phases that we observe in vacu-
ole membranes is that two domains can coalesce in time-
scales of seconds. In synthetic GUVs with taut
membranes, liquid domains diffuse freely over the vesicle
surface, collide with other domains, and coalesce as in
Fig. S4 until eventually only one domain of each type
remains (38). In synthetic GUVs with excess area (more
area than necessary to enclose a spherical volume), domains
in pseudohexagonal arrays are observed to bulge in to or out
of the vesicles and are hindered from colliding (17,39–41).
Similarly, the pseudohexagonal domains of yeast vacuoles
bulge inward toward the vacuole lumen (6,9,24) and appear
to be hindered from colliding. When bulging domains are
not labeled, the labeled background membrane has a faceted
appearance, as in Fig. 2.

We hypothesized that domain collision in vacuoles might
be triggered by applying a hypoosmotic gradient to yeast
cells, which causes the vacuoles inside to swell due to
elevated internal turgor pressure. This was indeed the
case: we capture events of domains colliding and quickly
coalescing in Fig. 2 and Movie S1. We observe the reverse
spontaneous process in Fig. S7 and Movie S3 (played at
30" speed) by applying a hyperosmotic gradient. During
coalescence, the domain boundaries rearrange to minimize
the total length of domain interfaces. This is consistent
with minimization of energy arising from line tension
between the two membrane phases.

Once the kinetic barrier for two domains to collide is
overcome, the fastest coalescence of domains that we
observe in yeast vacuoles occurs on the same timescale (sec-
onds) as coalescence of domains that can be an order of
magnitude larger in synthetic vesicles (38). These observa-
tions are consistent with the expectation that fluids in living
yeast cells, namely the cytoplasm and the vacuole contents
(including high concentrations of high molecular mass poly-
phosphate), have higher viscosities than the viscosities of
fluids used in synthetic GUV preparations (42–44).

Domain coalescence is technically challenging to image,
so is rarely observed. Coalescence can be identified only
when domains are large enough to image without

FIGURE 2 Rapid coalescence of in vivo micron-
scale domains in a single yeast vacuole membrane
over time. Yeast cells were grown as in Fig. 1,
mounted in a flow chamber, subjected to a hypoos-
motic gradient, and imaged by z-sectioning and
iterative deconvolution at ambient temperature
(#23!C). Maximum brightness projections of the
vacuole hemisphere closest to the microscope
objective are presented. Arrows denote a region
where two dark domains coalesce. Stars (*) denote
a domain that changes shape from a hexagon to a
pentagon, minimizing the total length of the
domain interface. The scale bar represents 2 mm.

Movie S1 corresponds to the above sequence, played at 10" speed. The dynamic shift in the shape of the starred domain from a hexagon to a pentagon,
from seconds 13.4–40.2 above, appears in seconds 1–4 of Movie S1. To see this figure in color, go online.
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superresolution techniques, yet small enough to merge.
Observation of domain coalescence in Fig. 2 required
deconvolution of image stacks and reconstruction of only
one hemisphere of the vacuole, the full three-dimensional
image obscured the merging event. These technical chal-
lenges likely lead to overrepresentation of slow events
within Fig. S6 and Movie S2 (played at 30! speed), and
the previous literature (6). We speculate that slow coales-
cence events result because a subset of vacuole domains
are associated with lipid droplets or with nuclear contact
sites (7,9,24). Therefore, only the fastest coalescence events
in vacuoles (as in Fig. 2 of the main text) are relevant for
comparison with timescales in model systems.

The second hallmark of liquid phases is the existence of a
miscibility transition with respect to an intrinsic thermody-
namic variable such as temperature, pressure, or membrane
composition, as in the schematic in Fig. S8. Cyclic changes
in any one of these thermodynamic variables cause domains
to reversibly appear and disappear in synthetic vesicles
(16,45). To test whether the domains in yeast vacuole mem-
branes arise from demixing of a single liquid phase into two
coexisting liquid phases, we subjected yeast to rapid temper-
ature cycles.

In Figs. 3 and S9 and Movies S4 and S5 (both played at
3! speed), we cycle the temperature of yeast cells in the
stationary phase of cell growth. At the standard growth tem-
perature of 30"C, yeast vacuoles exhibit dark domains on a
bright background marked by GFP-Vph1 (Fig. 1 c). At tem-

peratures above #37"C, the domains disappear and the
membrane is uniformly labeled.

EM results show that large proteins within a uniformly-
labeled membrane are randomly distributed across the entire
membrane (9). In our experiments, domains nucleate upon
cooling and are large enough to image within seconds. By
comparison, transcription and protein synthesis in yeast
occur on timescales of at least minutes. The ability of the
vacuole membrane to abruptly and reversibly switch
between two states (namely, the presence and absence of do-
mains), at a distinct temperature, and over multiple heating
and cooling cycles, is a defining feature of a phase
transition.

Cell viability is not affected by the temperature cycling
regime used in our experiments (Fig. S5 A; Tables S2 and
S3). Moreover, individual yeast cells that exhibit domains
in their vacuole membranes successfully grow and undergo
mitosis when supplied with fresh nutrients (6). Within a
population of yeast cells, the Tmix of the vacuole membrane
varies from cell-to-cell, just as it does in plasma membrane
vesicles (46), as might be expected for any biological
parameter regulated by an array of biochemical and physio-
logical variables.

To verify that the cyclical disappearance and reappear-
ance of vacuole domains is intrinsic to the membrane rather
than originating from factors in the yeast cytoplasm, we
extended the results of Fig. 3 to cell-free vacuoles.
Figs. 4 and S10 and Movie S6 (played at 3! speed) show

FIGURE 3 Micron-scale domains in an in vivo yeast vacuole reversibly vanish and reemerge through three temperature cycles. Micrographs (a)–(k),
representing 48 and 372 s, respectively, correspond to the labeled locations in the plot of temperature versus time. In the lower left-hand corner of each
micrograph, a symbol illustrating the focal plane (horizontal line) at either the top, equator, or bottom of the vacuole (circle) specifies the focal plane at
which the vacuole was imaged in each micrograph. The temperature at which open symbols on the graph change to filled symbols (and vice versa) is
Tmix. A thick, horizontal line, labeled Tmix, is drawn to highlight the transitions; the line is not a statistical fit. Vacuoles were imaged using HILO
illumination. Movie S4 corresponding to this figure appears in the Supporting Material and plays at 3! speed such that micrograph (a) appears at
16 s in Movie S4 and micrograph (k) appears at 2 min and 4 s. To see this figure in color, go online.
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that domains in cell-free vacuoles reversibly vanish and re-
appear as the temperature is cycled. The location at which
domains reappear depends on the speed of cycling. When
temperature is quickly cycled (as occurred in Figs. 3,
S10, top, and S11, rapid and Movie S7, which plays at
3! speed), domains disappear and renucleate at approxi-
mately the same positions on the vacuole. The same effect
occurs when synthetic GUVs undergo rapid temperature
cycling (as in Fig. S3 and Movie S8, which plays at
10! speed). This is because as the temperature increases,
domains disappear through a process in which the edge
blurs, as in Movie S5 (played at 3! speed); domains do
not disappear by becoming continually smaller. Edge blur-
ring is expected when labeled molecules are suddenly free
to diffuse over the entire surface of the membrane. When
the temperature is held above Tmix for longer periods,
such that lipids and proteins have ample time to diffuse
across the membrane and mix uniformly, domains nucleate
at new positions, both on vacuoles (Figs. 4, S10, bottom,
and S11, slow and Movie S9, which plays at 3! speed)
and on synthetic vesicles (Fig. S3 and Movie S8, which
plays at 10! speed). In the language of condensed matter
physics, this behavior is consistent with domains arising
through a mechanism of nucleation and growth rather
than with fluctuations arising through a mechanism of spi-
nodal decomposition of a membrane poised near a misci-
bility critical point (18,35).

The location of domains in vacuole membranes does not
appear to be governed by static protein scaffolds. By mass,

about half of the vacuole membrane is protein, comparable
to "70% for a plasma membrane (21). Although vacuole
membranes may be associated with protein scaffolds, we
observe that domains have variable sizes, move across the
surface of vacuoles, smoothly and quickly coalescence
into larger domains, and renucleate in new locations. In
addition, domains persist after digestion of proteins on the
cytoplasmic face of isolated vacuoles (6). All of these prop-
erties are inconsistent with domain edges constrained by
static scaffolds.

The coalescence of small domains into larger ones fol-
lowed by reorganization of domain edges within yeast vac-
uole membranes (as in the starred domain in Fig. 2)
implies that the domains result from a miscibility phase
transition rather than from the extensive cross-linking
used to induce micron-scale domains in stimulated cell
membranes (12), from cell polarization (47–49), from
vacuolar fragmentation or deep invaginations due to hyper-
osmotic stress (50), or from the regulated assembly of con-
tacts between docked yeast vacuoles (30,51). Neither the
presence nor the absence of domains is perturbed by
ATP depletion (6). We can also rule out contact between
lipid droplets and vacuoles as a direct driver of vacuole
domain formation because only a subset of the domains
in vacuole membranes correlates with the presence of
docked lipid droplets (7,9,24). The presence of many
more domains than droplets requires an additional mecha-
nism, such as phase separation. The localized release of
sterols into the vacuole membrane through microlipophagy

FIGURE 4 Micron-scale domains in a cell-free yeast vacuole reversibly vanish and reappear through temperature cycles. This figure is one of three cycles
in Fig. S10. Micrographs (a)–(i) correspond to the labeled locations in the plot of temperature versus time. To counteract effects of photobleaching of Vph1-
GFP through time, brightness levels were increased in micrographs (e) and (f), and excitation intensity was increased in micrographs (g), (h), and (i). Other
details are as described for Fig. 3. Movie S6 corresponding to this figure appears in the Supporting Material and plays at 3! speed; such that micrograph (a)
appears at 2.1 s in Movie S6 and micrograph (i) appears at 2 min and 42.5 s. Preparation of cell-free vacuoles is described in the Materials and Methods. To
see this figure in color, go online.
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of docked lipid droplets, via the Npc1/2 system (7,9,24),
appears to be an indirect driver of phase separation across
the entire membrane. Finally, we note that the assembly of
docking domains before bilayer-bilayer fusion is consis-
tent with, and may be driven by, membrane phase behavior
(30,51,52).

CONCLUSION

Here, we show that large-scale membrane organization in
yeast vacuoles is the result of demixing of the membrane
into coexisting liquid phases and that this demixing is fully
reversible. This mechanism operates in live cells imaged
using noninvasive methods. In model vesicle membranes,
demixing occurs equally upon a change in temperature or
membrane composition. At constant temperature, cells may
regulate membrane phase separation in response to external
or internal cues. For example, the NPC1/2 cholesterol trans-
port system controls domain formation (9). Moreover, the
Slt2/Mpk1 kinase is essential for the formation of phase-
separated domains in the yeast vacuole (6). Previously, we
demonstrated that Slt2/Mpk1, a key node in the protein
kinase C-Rho1 signaling pathway, regulates both lipid acyl
chain composition and bilayer fluidity (53). The knowledge
that vacuole membranes reversibly demix into coexisting
liquid phases enables direct application of physical rules of
membrane phase behavior established in model systems to
living biological membranes. The description of domains
as arising from a mechanism of phase separation rather
than as less well-defined ‘‘raft-like’’ (9) domains provides a
tractable paradigm for future investigations of the regulation
and mechanisms of in vivo membrane domain partitioning.
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Fig. S1 
A greyscale version of Fig. 1. Micron-scale, coexisting liquid phases appear in membranes of 
synthetic and biologically-derived model systems at equilibrium, and similar patterns appear on 
vacuole membranes of living yeast cells. (A) Giant unilamellar vesicles produced from ternary 
mixtures of synthetic lipids, imaged by wide-field epifluorescence microscopy. (B) Giant plasma 
membrane vesicles blebbed from adherent cells, imaged by standard epifluorescence. (C) 
Vacuoles within living yeast cells in the stationary phase of growth. Cells expressing a 
fluorescent vacuole membrane protein fusion (Vph1-GFP) were grown at 30 ˚C and imaged at 
ambient temperature (~22 ˚C) using either standard wide-field epifluorescence illumination, 
wide-field illumination with z sectioning followed by iterative deconvolution, or structured 
illumination microscopy (3D-SIM) followed by iterative deconvolution. Information on the 
growth and imaging procedures is in the Methods. A version of this figure with green 
pseudocolor appears in Fig. 1. Scale bars in (C) = 2 µm. 
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Fig. S2. 
In the stationary phase of growth, yeast cells typically contain only one large vacuole. In panels 
a and c, yeast cells are imaged by wide-field illumination. In panels b and d, overlay composites 
show both wide-field illumination and differential interference contrast microscopy (DIC) to 
reveal the outline of the whole cell. All vacuoles in this figure exhibit membrane domains.  
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Fig.	S3. 
Fluorescence microscopy images showing reversible phase separation in a membrane of a single, 
synthetic, giant unilamellar vesicle (GUV) through time as temperature is cycled. Movie S8 
corresponds to this figure and plays at 10x speed; time points in the movie are listed in square 
brackets []. In the top line, temperature is quickly cycled from below Tmix (at 21 s [2.1 s in Movie 
S8], when large domains are visible) to above Tmix (at 42 s [4.2 s], when sharp domain 
boundaries can no longer be distinguished), to below Tmix again (at 43 s [4.3 s]). This sequence 
of images demonstrates that after rapid cycling, domains re-nucleate (at 43 s [4.3 s]) primarily at 
the same locations on the surface of the GUV from which they disappeared, resulting in domain 
distributions (at 55 s [5.5 s]) similar to the original distributions (at 21 s [2.1 s]).  
 
In contrast, in the bottom line, the same temperature cycle is repeated more slowly in the same 
GUV. At 55 s [5.5 s in Movie S8], the GUV membrane is below Tmix and has large domains. At 
63 s [6.3 s], the GUV is above Tmix and sharp domain boundaries can no longer be distinguished. 
The GUV is held above Tmix for a time that is sufficiently long for all membrane components to 
mix uniformly (until 88 s [8.8 s]). As a result, when the temperature is lowered below Tmix again, 
small domains nucleate over the entire surface of the vesicle, as shown in the image at 90 s [9 s]. 
Those domains grow by collision and coalescence over time (as in Fig. S3), resulting in the 
image at 95 s [9.5 s]. The scale bar is 20 µm. 
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Fig. S4. 
Micron-scale, liquid domains on the surface of a model giant unilamellar vesicle (GUV) collide 
and coalesce. Coalescence of liquid domains occurs when the membrane has no excess area 
(i.e. when it has no more area than is needed to cover the surface of a sphere with the interior 
volume). Arrows show single domains that had previously appeared as two separate domains in 
the preceding frame of the video. As time progresses, all domains eventually merge until the 
vesicle has only one domain of each type (not shown). As an analogy to explain why coalescence 
is characteristic of separation of two liquid phases, consider a bulk mixture of two immiscible 
liquids like oil and water. When the mixture is shaken, droplets of oil disperse within the water. 
With time, the droplets coalesce until all the oil lies in a separate layer on top of the water. 
Images provided by Joan Bleecker and used with permission. 
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Fig. S5.  
(A) Protocol for yeast viability experiment (results in Table S1). (B) Growth protocol to grow 3 
colonies of yeast in 200 mL of media for ~63 hours. (C) Growth curve of the yeast in this study, 
where OD600 is the optical density at 600 nm as described in the methods of the main text. Error 
bars are based on the variation in OD600 readings for media blanks.  
 



93 

 

  

	 7 

 
 
Fig. S6.  
Coalescence of micron-scale domains in the membranes of two in vivo yeast vacuoles over time 
at a constant temperature. The vacuoles were inside yeast cells in the stationary phase of growth 
as in Fig. S2. The images in A result from deconvolution of twelve Z–sections of the top 
hemisphere of the vacuole. The arrows indicate a region in which two domains begin to coalesce. 
Movie S2 corresponds to this set of images and is played at 30x speed. The images in B were 
captured by wide-field illumination. The arrows point to a region where two domains diffuse into 
contact with each other, collide, and coalesce.  
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Fig. S7.  
The in vivo liquid domains in a yeast vacuole sometimes become smaller after osmotic gradients 
are applied to yeast cells. At each time interval, z-sections were acquired and iteratively 
deconvolved. Renderings correspond to the two hemispheres of the vacuole, labeled as top and 
bottom. Movie S3 corresponds to this figure and is played at 30x speed. 
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Fig. S8. 
Schematic for coexistence behavior of two liquid phases in a synthetic membrane of a giant 
unilamellar vesicle. Vesicle images correspond to a membrane with lipid composition x shown 
on the figure. For all temperatures and compositions that fall within the curve, the membrane 
demixes into two liquid phases. Specifically, domains nucleate and grow through a process of 
collision and coalescence (as shown in Fig. S3). Outside the curve, the membrane is in one, fully 
mixed phase. Changes in thermodynamic variables, such as composition or temperature, result in 
a phase transition from one regime to another. 
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Fig. S9. 
Micron-scale domains in vivo in a yeast vacuole reversibly appear and vanish through multiple 
temperature cycles. Micrographs a through n correspond to the labeled locations in the plot of 
temperature vs. time. A symbol illustrating the focal plane (grey line) at either the top, equator, 
or bottom of the vacuole (green circle) specifies the focal plane at which the vacuole was imaged 
in each micrograph. Several micrographs were recorded at times that fall between temperature 
points. Open symbols indicate that the vacuole was uniform; filled symbols indicate micron-
scale domains. The temperature at which open symbols on the graph transition to filled (and vice 
versa) is Tmix. A thick, horizontal red line is drawn to highlight the transitions; the line is not a 
statistical fit. Imaged by HILO illumination. Movie S5 corresponds to this figure and plays at 3x 
speed such that micrograph a appears at 1 second in Movie S5 and micrograph n appears at 2 
minutes and 4.3 seconds. 
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Fig.	S10.	
Micron-scale domains in a cell-free yeast vacuole reversibly vanish and reappear through 
multiple temperature cycles. Lowercase letters (e.g. a through i) correspond to labeled locations 
in the plots of temperature vs. time. A symbol illustrating the focal plane (grey line) at either the 
top, equator, or bottom of the vacuole (green circle) specifies the focal plane at which the 
vacuole was imaged in each micrograph. Open symbols indicate that the vacuole was uniform; 
filled symbols indicate micron-scale domains. The temperature at which open symbols on the 
graph transition to filled symbols (and vice versa) is Tmix. A thick, horizontal red line is drawn to 
highlight the transitions; the line is not a statistical fit. Imaged by HILO illumination. The bottom 
panel of this figure corresponds to Fig. 4 of the main text and to Movie S6, which is played at 3x 
speed. 
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Fig. S11. 
Examples of rapid and slow temperature cycling of a vacuole in a single yeast cell. The top line 
of images shows rapid cycling. Movie S7 corresponds to this top line and plays at 3x speed. The 
vacuole begins below Tmix and has a single large domain. The temperature increases 
monotonically for ~30 s [~10 s in Movie S7], when the vacuole reaches a temperature above Tmix 
and appears uniform. At 86 s [~28 s in Movie S7], temperature has returned below Tmix and 
domains are visible again. This sequence of images demonstrates that after rapid cycling, 
domains re-nucleate primarily at the same locations on the surface of the vacuole from which 
they disappeared, resulting in domain distributions at 122 s [~41 s in Movie S7] similar to the 
original distribution at 0 seconds. 
 
In the bottom line of images, the same temperature cycle is executed more slowly. Movie S9 
corresponds to this bottom line and plays at 3x speed. The vacuole is held above Tmix for a time 
that is sufficiently long (> 2 min) for membrane components to mix more uniformly. As a result, 
when the temperature is lowered below Tmix again, smaller domains nucleate at different 
locations on the surface of the membrane from which they previously disappeared, as shown in 
the image at 365 s [~122 s in Movie S9] and at 369 s [123 s in Movie S9]. HILO illumination 
was used to acquire the images. 
 
These concepts are illustrated again in the GUV in Fig. S11 and Movie S8, which plays at 10x 
speed. 
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Figure/Movie Microscopy Technique Temperature 
Conditions 

System  Osmotic 
Gradient  

Fig. 1A, Fig. S1A Standard epifluorescence 25°C Synthetic GUV 
membrane 

No 

Fig. 1B, Fig. S1B “Control” conditions 
in reference (29) 

10°C Giant plasma 
membrane 

vesicle 

No 

Fig. 1C, Fig. S1C Wide-field illumination, 
iterative deconvolution, 

and structured 
illumination 

Ambient (~22°C) In vivo yeast 
vacuole 

No 
 

Fig. 2/Movie S1 Iterative deconvolution Ambient (~22°C) In vivo yeast 
vacuole 

Yes 

Fig. 3/Movie S4 HILO illumination Thermal cycling In vivo yeast 
vacuole 

No 

Fig. 4/Movie S6 HILO illumination Thermal cycling Cell-free yeast 
vacuole 

No 

Fig. S2 Wide-field illumination 
and differential 

interference contrast  

Ambient (~22°C) In vivo yeast 
vacuole 

No 

Fig. S3/Movie S8 Standard epifluorescence Thermal cycling Synthetic GUV 
membrane 

No 

Fig. S4 Standard epifluorescence 
(by Joan Bleecker) 

Constant 
temperature 

Synthetic GUV 
membrane 

No 

Fig. S5A, B N/A – sketch of growth protocols 
Fig. S5C N/A – growth curve for yeast strain MAT α his3Δ1 lys2Δ0 ura3Δ0 leu2Δ0 

VPH1-GFP::HIS3MX6 
Fig. S6A/Movie S2 Iterative deconvolution Ambient (~22°C) In vivo yeast 

vacuole 
Yes 

Fig. S6B Wide-field illumination Ambient (~22°C) In vivo yeast 
vacuole 

Yes 

Fig. S7/Movie S3 Iterative deconvolution Ambient (~22°C) In vivo yeast 
vacuole 

Yes 

Fig. S8 N/A – sketch of membrane coexisting phase behavior 
Fig. S9/Movie S5 HILO illumination Thermal cycling In vivo yeast 

vacuole 
No 

Fig. S10/Movie S6 
(S10 bottom panel) 

HILO illumination Thermal cycling Cell-free yeast 
vacuole 

No 

Fig. S11/Movies S7 
and S9 

HILO illumination Thermal cycling In vivo yeast 
vacuole 

No 

 
Table S1. 
A summary of conditions and methods used with each experiment presented in the figures and 
movies of the main text and this SI Appendix.  
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Control: 

 

Sample 1: 
Grown at room 
temp (~22 ˚C) 

Sample 2: 
Grown at 

30 ˚C 

Sample 3: 
Grown with 
temp. cycle 

 

Trial 1, Plate 1 87 101 77 101 
Trial 1, Plate 2 108 97 109 102 
Trial 1, Plate 3 99 79 133 85 
Trial 1, Plate 4 84 113 110 61 
Trial 1, Plate 5 99 105 109 133 

 

Trial 1  
Average ± S.D. 

 

95 ± 10 
 

99 ± 13 
 

108 ± 20 
 

96 ± 26 
 
 

Trial 2, Plate 1 110 110 99 122 
Trial 2, Plate 2 68 101 85 119 
Trial 2, Plate 3 111 99 106 116 

 

Trial 2 
Average ± S.D. 

 

96 ± 25 
 

103 ± 6 
 

97 ± 11 
 

119 ± 3 

 

Table S2. 
Cell viability is unaffected by temperature cycling. A single yeast preculture was grown, diluted 
to OD600 = 0.50 ± 0.03, and then subjected to the protocol in Figure S8A. Within experimental 
uncertainty (which is calculated as standard deviation = S.D.) the average number of colonies in 
samples 1, 2, and 3 are indistinguishable from the control. 
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Step Temp 
(˚C) 

Duration 
(mm:ss) 

 Step Temp 
(˚C) 

Duration 
(mm:ss) 

 Step Temp 
(˚C) 

Duration 
(mm:ss) 

1 25 15:00  13 42.5 0:01  25 32.6 0:10 
2 45 0:01  14 41.6 0:19  26 34.8 0:10 
3 35 0:01  15 44.1 0:01  27 36.9 0:01 
4 32.6 0:01  16 35.1 0:01  28 38 0:10 
5 31.1 0:01  17 34.1 0:01  29 39 0:01 
6 30.4 0:01  18 33.1 0:01  30 35 0:01 
7 29 0:01  19 32.1 0:01  31 33.9 0:01 
8 28 2:00  20 31.1 0:01  32 32.8 0:01 
9 27 2:00  21 29.6 2:00  33 32.1 0:01 

10 26 2:00  22 28.7 2:00  34 31 0:10 
11 25.4 0:01  23 28.2 1:42  35 29.9 0:30 
12 Go to step 2, twice  24 30.4 0:10  36 Go to step 24, twice 

 

Table S3. 
Temperature cycling protocol. Within the cell viability assay illustrated in Fig. S8A, the 
temperature of sample 3 in Table S1 was varied in a MJ Mini Thermal Cycler (BIO-RAD, 
Hercules, CA) using the protocol in this table. Steps 24-36 mimic the conditions of Fig. 3 in the 
main text and in Fig. S7. The entire protocol elapses over 57 min, 35 seconds. “Duration” 
denotes the time for which the particular temperature was held once it was reached, before 
moving to the next programmed temperature. 
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Movie S1.  
A video of in vivo vacuole domains merging and their subsequent rearrangement as shown in 
Fig. 2. This movie plays at ~10x speed. 
 
Movie S2.  
A video of in vivo vacuole domains merging and their subsequent rearrangement as shown in 
Fig. S6A. This movie plays at ~30x speed. 
 
Movie S3.  
A video of in vivo vacuole domains becoming smaller as shown in Fig. S7. The left half 
corresponds to the top hemisphere of the vacuole and the right half corresponds to the bottom 
hemisphere. This movie plays at ~30x speed. 
 
Movie S4.  
A video of in vivo vacuole domains vanishing and reappearing with the temperature cycle shown 
in Fig. 3 as an inset in a plot of temperature through time. The movie plays at ~3x speed. 
 
Movie S5.  
A video of in vivo vacuole domains vanishing and reappearing with the temperature cycle shown 
in Fig. S9 as an inset in a plot of temperature through time. The movie plays at ~3x speed. 
 
Movie S6.  
A video of cell-free vacuole domains vanishing and reappearing with the temperature cycle 
shown in Figs. 4 and S10-bottom. The movie plays at ~3x speed. 
 
Movie S7.  
A video of in vivo vacuole domains vanishing and reappearing with a rapid heat cycle as shown 
in Fig. S11-rapid. The movie plays at ~3x speed. 
 
Movie S8.  
A video of giant unilamellar vesicle (GUV) domains vanishing and reappearing with fast vs. 
slow temperature ramps as shown in Fig. S3. The movie plays at ~10x speed. 
 
Movie S9.  
A video of in vivo vacuole domains vanishing and reappearing with a slow temperature cycle as 
shown in Fig. S11-slow. The movie plays at ~3x speed. 
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Chapter 6. TRUE OR FALSE: THE TECHNICAL ANALSYIS OF 

MADONNA AND CHILD 

My contributions to this work: I collected all data, some collaboratively while being 

trained by Dr. Gregory D. Smith and Fiona Beckett at the Indianapolis Museum of Art. I 

processed all data and I created all figures with contributions from Erica Schuler (who generated 

the FCIR image for Figure 6.10b) and Fiona Beckett (who color-corrected technical photographs 

(Figure 6.3a, Figure 6.6, and Figure 6.12a) and instructed me in stitching together X-radiographs 

(Figure 6.7a)). I wrote the main text as well as the figure captions and translated all relevant 

literature sources written in French. I collaborated with Anna Stein, who provided curatorial and 

provenance research as well as Italian translation. This project was conceived and supervised by 

Dr. Gregory D. Smith. Prof. Sarah L. Keller and Dr. Gregory D. Smith aided in editing figures 

and text. 

  



104 

 

6.1 ABSTRACT 

The Indianapolis Museum of Art’s (IMA) Madonna and Child (IMA#51.98) was 

acquired by its donors as a school of Duccio Trecento Italian panel painting. However, stylistic 

anomalies and potential red flags in the known provenance led to questions of its authenticity 

and subsequent reattribution to Icilio Federico Joni, an Italian artist, restorer, and forger active in 

the first half of the twentieth century. The IMA’s Madonna and Child is a modern fake, created 

to convincingly imitate the tempera paintings of Italian masters. 

In response to the vogue for medieval Italian paintings and the corresponding lack of 

interest in modern Italian works, Joni created new pieces made to look old, and delighted in 

fooling experts with his fraudulent panels. Joni taught other artists the techniques he used and 

detailed some of his counterfeiting methods in his memoir Affairs of a Painter. 

As an artist, Joni presents an interesting example of the renewed interest in tempera 

painting in the 20th century. While many of his contemporaries looked to the past to aid the 

expression of their modern artistic vision, Joni looked to the present to help him best emulate the 

artistic vision of the past. When operating as a forger, he leveraged the knowledge of medieval-

era techniques he gained while apprenticing in a gilding workshop, studying at the Academy of 

Fine Arts in Siena, and restoring medieval artworks. Utilizing this strong technical background, 

he constantly experimented with materials and techniques in service of making credible fakes. 

Joni had no qualms about dipping into the modern artist’s toolbox in order to create works with 

the appearance of centuries old masterpieces. 

The technical analysis of the IMA’s Madonna and Child provides a case study to 

understand how a modern imitation of a medieval tempera painting was created. A variety of 

analytical tools were used, including imaging techniques, pyrolysis gas chromatography/mass 
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spectrometry (Py-GC-MS), Fourier transform infrared (FTIR) spectroscopy, Raman 

spectroscopy, X-ray fluorescence (XRF) spectrometry, scanning electron microscopy (SEM) 

coupled with energy-dispersive X-ray spectroscopy (EDS), chemical staining, and polarized light 

microscopy (PLM). The data gathered from the IMA’s Madonna and Child using these methods 

informs a thorough discussion of the binding medium, the pigments used, and the methods for 

generating the expected aged appearance. These results are compared to those from technical 

studies of forgeries by Joni and his students as well as methods Joni documented himself. 

6.2 INTRODUCTION 

The Indianapolis Museum of Art’s (IMA) Madonna and Child (IMA#51.98) (Figure 6.1) 

is a panel painting (Figure 6.2) in the style of the Trecento (14th century) school of Duccio, a 

Sienese artist, depicting the Virgin and Christ child. It has a thick (7 cm) wood panel support 

with an engaged frame, gilded background, and the brushwork has the hatching characteristic of 

egg tempera paintings. The sides and back of the panel are coated in a thick layer of opaque, 

waxy substance (Figure 6.3). There is a crack running from the top of the panel to the bottom 

with losses in the engaged frame on either side of this crack. In the damaged area of the frame, 

the underlying canvas is exposed, revealing a textile with plain weave. Craquelure is present 

across the painting’s surface. The Madonna and Child was displayed at the IMA as the work of 

Duccio or one of his followers until its authenticity was questioned in 1992. 
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Figure 6.1. Madonna and Child, tempera and gold leaf on wood panel, 89.9 x 54.0 x 
7.0 cm, Indianapolis Museum of Art (IMA) at Newfields, Indianapolis, Indiana, USA, 
IMA#51.98. Left: The panel alone. Right: The panel in its modern custom frame. 
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Figure 6.2. The creation process of a medieval Italian tempera panel painting as 
seen from a reconstruction, which duplicates the materials and methods of the 
original artist as much as possible, of Giotto di Bondone’s c. 1320-1330 Madonna 
and Child. In the lower right-hand corner, the layered structure of the work 
remains visible in cross-sectional “cut-aways.” a) The wood support, commonly 
poplar, is coated with animal glue and then covered with a canvas. The ground is 
comprised of gesso, particles of gypsum (CaSO4) bound in animal glue. Gesso 
grosso has larger particles, while gesso sottile has smaller particles. After the 
grosso and sottile layers are each applied a fine dusting of charcoal is added, then 
scraped away to ensure a smooth surface. b) The composition is either directly 
sketched or transferred onto the ground, typically using a carbon-containing 
material (charcoal or ink). Bole prepares areas for gilding. c) Gold leaf is applied 
to the bole, and then designs (e.g. halos) are incised and/or punched into the leaf. 
Flesh tones are underpainted with a mixture of green earth and lead white, bound 
in egg yolk. This green-hued layer is a key step to building depth. d) The finished 
artwork. Final paint layers (pigment particles in egg yolk) are applied. Details on 
the drapery are added using shell gold, mordant gilding, or sgraffito. Figure 
adapted from https://www.artcons.udel.edu/outreach/kress/painting-
reconstruction/giotto-di-bondone. 
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Figure 6.3. Images of the back of the Madonna and Child taken with a) diffuse 
and b) raking illumination. 
 

6.2.1 Provenance and history of the Madonna and Child 

Mr. and Mrs. Joseph E. Cain, the painting’s donors, acquired the Madonna and Child on 

August 5, 1947 from an Italian art firm. The bill of sale describes the artwork as a “Sienese 

School of the early XIVth Century (from the collection of the Counts Orsini-Baroni, Florence, 

Italy).” Subsequent to its donation to the museum – at the time the John Herron Art Institute – 

the initial inspection report from May 16, 1951 indicates that the artwork arrived “well coated 

with wax,” with a “disjoin” in the center as well as many areas of loss in the ground and paint 

layers including abrasions and “moderate scars.” The conservator’s report notes both the 

“prominent crackle” and “marked grime under [the] varnish.” The varnish itself is described as 

“darkened” and “yellowed.” The earliest dated visual documentation of the Madonna and Child 

is a black and white photograph reproduced on the cover of The Bulletin of the Art Association of 

Indianapolis, Indiana published in October 1952 (Figure 6.4). 
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Figure 6.4. Black and white photograph of the Madonna and Child reproduced on 
the cover of The Bulletin of the Art Association of Indianapolis, Indiana published 
in October 1952.1 
 

In the same year, Robert O. Parks, curator at the John Herron Art Institute, consulted 

several art historians regarding the Madonna and Child. On May 15, 1952, Dr. Richard Offner 

wrote “I believe that the panel and some of the surface are original but virtually the whole of it in 

its present character are modern. I have not tried to remove the panel from the structure in which 

it was incased [see Figure 6.1, right] and have, therefore, not had the opportunity of examining 

the wood. I feel fairly sure of the above statement, nevertheless.” A transcription from 1975 

indicates that on July 26, 1952, Bernard Berenson told Parks: “You could safely catalogue it as 

Ugolino with a question mark.” In a letter dated December 16, 1952, E.P. Richardson – then the 

director of the Detroit Institute of Arts – wrote that the Madonna and Child has a “closer 

resemblance to the Master of Badia a Isola (especially the gold “comb-like” decorations on the 

Virgin’s robe) than to Meo da Siena or Ugolino di Nerio.” It is important to note that of the three 
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experts, only Offner inspected the artwork in person – both Berenson and Richardson based their 

assessments on a photograph. 

In May 1969, the Madonna and Child underwent a major conservation treatment: the 

varnish was removed, the painting was cleaned, the center vertical crack was repaired with wax, 

areas of loss were inpainted with plastic paint, and the surface was varnished with B-72. 

Comparison of Figure 6.1 and Figure 6.4 indicates that no major compositional changes occurred 

during the 1969 conservation treatment. 

Offner’s assessment seems to have led to a misapprehension that the Madonna and 

Child’s appearance in 1952 was the result of extensive modern overpaint (i.e. from restoration) 

that was removed in 1969 as part of a conservation campaign. This misapprehension persisted 

for decades: in A Catalogue of European Paintings: Indianapolis Museum of Art published in 

1970, an editor’s note about the Madonna and Child reads “Recent conservation reveals that the 

original paint surface, shown in the illustration, was preserved under the restorer's paint 

mentioned above” and written references to overpaint that had been removed in 1969 continued 

through the 1990s. However, corroborating the conclusion that no significant overpaint removal 

occurred in 1969 (as determined by comparing Figure 6.1 and Figure 6.4) is an April 1962 entry 

in the Madonna and Child conservation file, which states that “no major paint restoration [is] 

evident” based on examination with infrared. 

The Madonna and Child remained catalogued as a Ducciesque Trecento painting until 

1992, when Ronda Kasl joined the IMA and questioned the painting’s authenticity. Kasl’s 

consultation with scholars at the National Gallery of Art resulted in the reattribution of the 

Madonna and Child as either a restoration or fake by Icilio Federico Joni. 



111 

 

6.2.2 Icilio Federico Joni 

 Icilio Federico Joni (1866–1946) was an Italian artist, restorer, and forger (Figure 

6.5). In his youth, he apprenticed in a gilding workshop before studying at the Fine Arts 

Academy in Siena.2 Over the course of his lifetime, he utilized this technical training to create 

original works of art, restore medieval artworks, and create modern imitations complete with the 

aged appearance of medieval paintings. At the Fine Arts Academy (Istituto di Belle Arti), Joni 

and his contemporaries learned restoration techniques and “would not have felt any dismay 

filling the gaps and losses in an ancient painting ‘with more or less ability and knowledge of the 

style of that time and the artist […] masterfully cheating [the artist’s] work [so that the viewer] 

could not distinguish the new from the old.’”3 Over the course of his technical training, Joni 

developed a love for the work of medieval Italian artists; the development of his personal artistic 

passion and talents coincided with a vogue for medieval Italian paintings in prestigious, private 

collections. Encouraged by local antiquities merchants to contribute an answering supply for the 

increasing demand for medieval artworks, he created ex novo “antique” paintings which began to 

appear in art markets around 1890.2 Eventually, Joni essentially formed a workshop of his own 

by training other artists to employ his techniques for creating medieval-style paintings, including 

mimicking the expected aged appearance of centuries-old artworks.4 

 
Figure 6.5. Timeline of selected events in Joni’s life.  
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In L’art d’imiter, Mauro Natale’s discussion of the historical context for Joni’s fraudulent 

endeavors points out the particular cultural and social context in which the forgeries and 

imitations produced by Joni and his contemporaries were created. In response to the increasing 

demand from foreign art collectors for ancient paintings, driven in part by “the formation of 

grand private collections,” there was a rapid growth in the production of fakes.5 Mauro notes that 

“the fakes emerge as one manifestation of the reaction to the industrialization of the country” and 

that “it was in the shadow of the [art] academics in Siena and Florence, with their proximity to 

the antiquarian boutiques and restorers, that the most talented fakers and forgers were born.”5 As 

noted by Muir et al., this phenomenon of creating new paintings following in ancient styles fits 

into the Arts and Crafts movement of the time, whose artists looked to the past to aid the 

expression of their modern artistic vision.6 For Joni and his fellow Italian forgers, this “pride in 

local traditions resulted in the creation of a skilled and secret profession,” which, combined with 

the economic demand for these types of paintings, typically from foreigners, resulted in “a 

punitive spirit directed towards their unwitting clients: the deceived collectors seemed rapacious 

and the counterfeiter could assume the role of someone righting social wrongs.”5 

6.3 METHODS 

6.3.1 Technical photography 

Visible and ultraviolet-induced visible fluorescence (UVF) images were captured using a 

Nikon D700 camera under diffuse irradiation conditions with either a daylight fluorescent lamp 

(4000K, OSRAM Dulux L 2G11) or long wavelength blacklight (NorelcoF40/BLB). UVF 

imaging used a Kodak Wratten 2E and Peca 918 filter set to limit the spectral sensitivity of the 

camera sensor. A visible light AIC Photodocumentation color target (Robin Myers Imaging) and 

a UV fluorescence color standard (UV Innovations) were used to adjust the images for color 
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accuracy. The X-radiograph of Madonna and Child was assembled in Adobe Photoshop from six 

overlapping plates collected at a distance of 36 inches (91.44 cm) from the X-ray tube, with 

three-minute exposures at a 28 keV voltage and 3 mA current. The infrared reflectogram was 

collected using an Opus Instruments Osiris A1 infrared camera with InGaAs array detector 

operating at a wavelength of 0.9-1.7 µm.  

6.3.2 Cross-section analysis 

Cross-sections of paint layers were prepared by mounting an excised sample in Liquid 

Bio-Plastic (Ward’s Science) mounting medium. The samples were either pre-oriented in the 

mounts using a drop of fast drying Superglue or placed on a half-cast resin block in a silicon 

mold before being encased in mounting medium. Once the poured resin had cured fully, the 

section was polished on Micromesh cloth up to 12,000 grit fineness. Darkfield images of the 

sectioned samples were acquired on a Zeiss AxioImager M2m compound microscope with a 20X 

or 50X objective using an MRc5 digital photomicrography camera.  The same area was then 

examined under UV irradiation from an X-cite 120Q mercury vapor lamp source for signs of 

visible luminescence.  A DAPI filter cube set allowed narrowband excitation between 325 and 

375 nm with observation throughout the visible spectrum (λem > 412 nm). 

6.3.3 Polarized light microscopy (PLM) 

Disperse samples were prepared by dissolving binding media with one drop of 

dimethylformamide on a glass microscope slide, then a clean coverslip was placed on top and the 

sample was gently mulled. Images were acquired with plane polarized or cross-polarized light on 

a Zeiss AxioImager M2m compound microscope with a 40X objective using an MRc5 digital 

photomicrography camera. 
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6.3.4 Fourier transform infrared (FTIR) 

Fourier transform infrared (FTIR) microspectroscopy was performed on a Continuum 

microscope with an MCT A detector coupled to a Nicolet 6700 spectrometer purged with dry, 

CO2-free air.  The spectra are the sum of 32–128 coadditions at 4 cm-1 spectral resolution. 

Microsamples were crushed on a diamond compression cell and held on a single diamond 

window during the analysis.  Sample identification was performed using the Infrared and Raman 

Users Group (IRUG) reference spectral library.   

6.3.5 Raman microspectroscopy 

Raman spectra were acquired using a Bruker Senterra microspectrometer on a Z-axis 

gantry with a 50X or 100X ultra-long working distance objective. The spectrometer utilizes 3 

selectable excitation lasers (532, 633, and 785 nm), an Andor Peltier-cooled CCD detector, and a 

50 µm confocal pinhole.  Laser power at the sample was generally below 5mW. The spectra are 

the result of 5-40 sec integrations with 2-30 coadditions. The analysis spot size was on the order 

of 1 µm, and the spectral resolution was in the range of 9-18 cm-1. OPUS software allowed for 

automated cosmic spike removal, peak shape correction, and spectral calibration. 

6.3.6 Pyrolysis - gas chromatography – mass spectrometry (PY-GC-MS) 

A small scraping of paint was analyzed by PY-GC-MS. Samples were derivatized on-line 

using 25 wt% tetramethylammonium hydroxide (TMAH) in methanol from Sigma-Aldrich. The 

sample was analyzed using a Frontier Lab Py-2020D double-shot pyrolyzer system with a 300 ºC 

interface to a Thermo Trace gas chromatograph and an ISQ single quadrupole mass 

spectrometer. A Thermo TG-5MS capillary column (30 m x 0.25 mm x 0.25 µm) was used for 

the separation with 1 mL/min of He as the carrier gas. The split injector was set to 300 ºC with a 
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split ratio of 20:1. The GC oven temperature program was 40 ºC for 2 min, ramped to 300 ºC at 

20 ºC/min, followed by a 10 min isothermal period. The MS transfer line was at 300 ºC, the 

source at 230 ºC, and the MS quadrupole at 150 ºC. The mass spectrometer was scanned from 

40-600 amu at a rate of 2.59 scans/sec with 3 min solvent delay. The electron multiplier was set 

to the auto-tune value. Samples were placed into a 50 µL stainless steel Eco-cup, and 3 µL of a 

25% methanolic solution of TMAH were introduced for derivatization. After 3 min the cup was 

placed into the pyrolysis chamber where it was purged with He for 3 min. Samples were 

pyrolyzed using a single-shot method at 550 ºC for 0.2 min. Sample identification was aided by 

searching the NIST MS library and by comparison to pyrograms of authentic samples. 

6.3.7 Scanning electron microscopy with energy dispersive spectrometry (SEM-EDS) 

Electron micrographs of cross sections were created using a Zeiss EVO MA15 scanning 

electron microscope operated in variable pressure mode at 25 Pa of room air. A five segment 

backscattered electron detector (BSE), a variable pressure secondary electron detector (VPSE), 

and a Bruker Quantax 200 energy dispersive spectrometer (EDS) were used to acquire images. 

Electron accelerating voltage was set at 15 keV to ensure generation of X-rays for all heavy 

metals in the sample while a beam current of 1 nA yielded ~ 6 kcps detector signal with a few 

percent dead time. A sample working distance of 8.5 mm optimized EDS detection. The SEM 

was controlled using Zeiss SmartSEM software while the EDS spectra were collected and 

analyzed using Bruker Esprit 1.9.4 software.  

6.3.8 X-ray fluorescence (XRF) spectrometry 

A Bruker Artax microfocus XRF with rhodium tube, silicon-drift detector, and 

polycapillary focusing lens (~70 um spot) was used in the analysis. Experimental parameters 
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included 50 keV tube voltage, 600 µA current, and 60 sec live time acquisitions. A helium purge 

gas allowed for light element detection. Elemental survey spectra were collected in the region 

from 0 to 50 keV. Elemental maps was generated by collecting spectra with 40 sec live time 

acquisitions over a 0.22 mm2 area using a step size of 0.03 mm and using the escape background 

correction and Bayes deconvolution available in Bruker’s Spectra ARTAX 7.6.0.0 software. 

6.3.9 Microchemical Analysis 

Fluorescent stains were applied dropwise, and then the excess was wiped off. The 

fluorescein isothiocyanate (FITC) stain used is 0.1 g FITC in 15 mL of anhydrous acetone, 

imaged with λex = 490 nm and λem = 525 nm. The Rhodamine B (RHOB) stain used is 3 mg in 

5 mL of ethanol, imaged with λex = 540 nm and λem = 625 nm. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Technical Photography 

Raking light brings the large central crack, repaired during the 1969 conservation 

treatment, into sharp visual relief. The crack coincides with the location where the two planks of 

the panel meet (see Figure 6.7). The sides and back of the panel are coated in a thick, visually 

opaque, and highly textured layer of beeswax (Figure 6.3), identified via Fourier transform 

infrared (FTIR) spectroscopy. Medieval artists sometimes used surface coatings on the back of 

panel paintings for aesthetic and/or functional reasons (e.g. preventing absorption of moisture or 

protection against insects); wax is a common historical conservation treatment.7 In the case of 

the Madonna and Child, it is unclear whether the wax coating, which predates the artwork’s 

donation to the IMA, is purely protective or whether it is meant to obscure any telltale signs of 

fraudulence. 
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Figure 6.6. Raking light images: the illumination source is positioned at an acute 
angle to the painting’s a) left and b) right, revealing a large central crack that runs 
along the length of the painting and four circular deformations protruding from 
the surface just above the Christ child’s proper left foot. 
 

X-radiography (Figure 6.7) reveals that the panel support is comprised of two parallel 

planks of wood, with the grain running lengthwise along the vertical axis of the painting, as 

expected for a wooden support prepared in the Middle Ages.7 These two planks are joined by 

four butterfly cleats cut so that their grain is perpendicular to the grain of the panel planks 

(Figure 6.7c), consistent with medieval technique in which cleats were used to align the planks 

prior to gluing.7 Two rectangular wooden plugs are held in place with wooden dowels, whose 

grain appears as bright white in the X-radiograph (Figure 6.7d). Medieval artisans used such 

plugs to correct defaults in the wood, such as knots or warped areas.7 Modern hardware, such as 

metal nails and screws, (Figure 6.7e, f) is present: while the presence of the headless screw is 

puzzling, the modern nails are located only in damaged or stressed areas of the artwork along the 

central crack. The engaged frame is held in place by eight nails (Figure 6.7g), which do not 

appear machine-made due to lack of uniformity in their dimensions in a style (a rectangular  
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Figure 6.7. a) X-radiograph of IMA #51.98 Madonna and Child. b) X-radiograph 
with key features outlined. The outline of one of the two parallel planks of wood 
which comprise the panel as well as the four butterfly cleats which join them are 
shown in yellow (detail in (c)). Wooden plugs (rectangular) held in place with 
wooden dowels (circular) are shown outlined in green (detail in (d)). Cyan 
outlines highlight multiple square-headed nails along the curve of the engaged 
frame (detail in (g)). Modern nails (detail in (f)), as well as the threaded portion of 
a modern screw (detail in (e)), are outlined in magenta. Several of the filled 
woodworm channels are indicated by orange (detail in (h)). c) Detail of one of the 
butterfly cleats showing its horizontal grain. d) Detail of one of the plugs held in 
place with a dowel. e) Detail of the threaded portion of a modern screw. f) Detail 
of one of the modern nails. g) Detail of one of the square-headed nails. h) Detail 
of the filled-in woodworm channels. 
 



119 

 

shank narrowing to the tip) consistent with nails of medieval manufacture.7 Multiple filled 

woodworm channels (Figure 6.7h) are present. 

The construction of the Madonna and Child’s wooden support is consistent with 

medieval manufacture, as the placement of modern hardware indicates that the presence of 

machine-made nails is likely the result of conservation. In cases where it is clear that worm 

channels were filled prior to the application of the gesso ground layer, the presence of such 

channels is incriminating as “it is inconceivable that a medieval craftsman would have used 

wormy wood”8 (Figure 6.8, left). This may also be the case with the IMA’s Madonna and Child, 

but due to the thickness of the panel support, another scenario is that these worm channels were 

filled from the back of the panel as part of a conservation effort (Figure 6.8, right). It is not 

possible to determine which of these two scenarios is correct due to the opaque beeswax coating 

on the panel. 

 
Figure 6.8. Diagrams of possible woodworm channel spatial arrangement within 
the Madonna and Child’s wood support. Left: the channels would have to have 
been filled prior to the application of the canvas and gesso (the preparatory 
layers), indicating the damage occurred before the painting’s creation. Right: the 
larvae entered from the back of the panel, likely after the artwork’s creation. 
 

While the evident medieval construction of the Madonna and Child’s support stands in 

contrast to that of modern imitations – such as the panel support of the Joni workshop painting 

Madonna and Child with Angels (private collection) which is joined only by glue and lacks 

cleats or wooden joins of any kind4 – the period-appropriate panel construction is not proof of 

the artwork’s age. For example, scientific analysis of Saint Catherine of Alexandria, a Joni 
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workshop panel painting in the style of Andrea Vanni, indicates that it is “a Trecento product 

salvaged and largely altered by a not very scrupulous restorer.”5 In fact, Joni preferred using 

medieval panel supports for his ex novo artworks: a letter he wrote in 1945 describing methods 

for aging paintings begins with advice to obtain wood that is “very old and well seasoned, and 

that has an original patina on the back–better, if it’s possible, the wood of an old panel.”9  

 

 
Figure 6.9 Madonna and Child a) X-ray detail showing the uniform underpainting 
of the Virgin and Christ child’s faces side-by-side with b) a diffuse light image of 
the same area.  
 

 X-radiography reveals an unusual flesh underpainting technique (Figure 6.9), 

which is unexpected in a medieval painting but consistent with Joni’s methods, as described by 

Gianni Mazzoni and Alberto Olivetti in "How to fake a Quattrocento painting––or detect the 

result:"  

X-ray analysis reveals the type of modeling used for flesh tones and highlights, an area in 
which Joni diverges from fifteenth-century practice. Genuine gold-ground paintings have 
a warm brown or terracotta green for the half tones, applied very thinly in the half 
shadows and shadows with pronounced lead white highlights on the cheeks, bridge of 
nose and upper lip. This creates a pronounced visual luminosity and shows up on the X-
ray as strong white. Joni used much more solid underpainting on which the flesh tones 
would be laid—convincing proof of a recent attempt at fifteenth-century painting.10 
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Rather than white appearing only in select areas to define raised facial features – such as cheeks 

– as is typical in medieval Italian panel paintings (e.g. Duccio’s The Virgin and Child with Saint 

Dominic and Saint Aurea, and Patriarchs and Prophets11), the X-radiograph of the IMA’s 

Madonna and Child shows white covering the whole area of the subject’s faces. 

 

 
Figure 6.10. a) Infrared reflectogram. b) False-color infrared reflectogram (FCIR). 
 
 
Infrared reflectography (IRR) imaging shows little to no underdrawing (Figure 6.10a), 

typically executed in an infrared-active carbon-containing pigment in medieval panel paintings 

(see Figure 6.11a). Pigment information can be gained by false-coloring the IRR image (FCIR) 

(Figure 6.10b), in which the IRR image is assigned to the FCIR red channel, the visible green 

channel is mapped to the FCIR blue channel, and the visible red channel is mapped to the FCIR 

green channel (Figure 6.11)12. The FCIR image indicates that only modern synthetic pigments 

are present in green-colored areas of flesh, as these areas appear pink/purple in the FCIR.12 
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Figure 6.11. a) Diagram of how illumination interacts with the paint and 
underdrawing layers in IRR. Diagram of how FCIR can be used to distinguish 
between different pigments such as b) green earth and c) viridian. Figures adapted 
from reference 12. 
 

 
Figure 6.12. a) Ultraviolet fluorescence (UVF) image. b) UVF image in (a), 
lightened for easier visual readability. 
 

Ultraviolet fluorescence (UVF) imaging (Figure 6.12a, b) clearly shows extensive 

modern inpainting visible in areas of damage and loss (which appear purple in the UVF images), 



123 

 

such as in the central crack and throughout areas of the Virgin’s veil, most likely added during 

the conservation treatment in 1969. Areas of orange fluorescence in the gilding indicate modern 

inpainting. UVF indicates that there is no aged natural resin varnish on the painting, as its 

characteristic green fluorescence is not present, consistent with notes from the 1969 treatment in 

which the varnish was removed and replaced by B-72, a modern acrylic resin varnish.  

6.4.2 X-ray Fluorescence Spectroscopy (XRF) 

 
Figure 6.13. Numbered sampling locations are indicated by the dots. Locations 
with the number preceded by “EX” indicate excised samples. All other sampling 
locations indicate where X-ray fluorescence (XRF) spectra were collected. 
 

XRF spectra were collected at multiple locations (Figure 6.13). Table 6.1 provides a brief 

overview of the XRF data, organized by color. There are variations in major, minor, and trace 

elements between sampling locations of the same color that are not reflected in the table (e.g. 
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barium is a minor or trace element in most red/pink sampling locations). The presence of 

titanium and zinc, indicators of modern synthetic pigments such as titanium white (TiO2) and 

zinc white (ZnO), throughout the painting are red flags. 

 

Table 6.1. Overview of elements detected by X-ray fluorescence spectrometry 
(XRF)  
 

Color Elements 

Blue Fe, Pb, Ti, Zn 

Brown Fe, Pb, Zn 

Green Cr, Fe, Pb, Ti, Zn 

Red/Pink As, Co, Fe, Pb, Ti, Zn 

White Ti, Pb, Zn 

 

6.4.3 Cross-section sampling 

Cross-section samples (Figure 6.14) were taken from the Christ child’s red robe (EX3), 

the Virgin’s blue mantle (EX5), and two areas of flesh (EX4 and EX7) (see Figure 6.13 for 

sampling locations). The red robe cross-section shows an upper red glaze layer (~15 µm thick) 

and a thick (~55 µm) pink paint layer on top of the ground, as well as part of an adjacent crack, 

which has an area in contact with the ground that is light brown color underneath an area which 

is darker brown. In the blue robe cross-section, gold detailing lies over a single layer of blue 

paint, which has pigment particles in a variety of colors (blue, brown, green, red, and white) and 

dimensions. There is little or no ground visible in this cross-section, which was unintentionally 

mounted slightly off-axis. Like the red robe cross-section, the flesh sample has a thick (~50 µm) 
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paint layer, directly on top of the ground. This paint layer is primarily white in color, aside from 

a few green pigment particles. The right side of the flesh cross-section has two thin (< 5 µm) 

beige paint layers, with a red pigment particle on top. 

 
Figure 6.14. Cross-sections micrographs under visible (left column) and UV (right 
column) from the Christ child’s red robe, EX3 (a, b); the Madonna’s blue mantle, 
EX5 (c, d); and a flesh tone, EX7 (e, f). Note that for EX5 (c, d), the cross-section 
is at an angle.  

 

6.4.4 Pigment identification 

 SEM-EDS on the blue robe cross-section suggests that the blue pigment in the 

Madonna and Child is ultramarine, (Na,Ca)8(AlSiO4)6(SO4,S,Cl)2 (Figure 6.15a). Optical 

microscopy with plane polarized light shows small (~2-5 µm), homogenously-sized pigment 

particles with relatively even color distribution (Figure 6.15b), suggesting synthetic 

ultramarine.13 Under cross-polarized illumination (Figure 6.15c), the same particles do not 
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exhibit the characteristic birefringence of minerals (e.g. diopside) present in lapis lazuli, the 

natural source of historic ultramarine.13 Raman spectroscopy (Figure 6.16) confirmed that the 

blue pigment is synthetic ultramarine: it lacks a characteristic lapis lazuli peak at ~1326 cm-1 

assigned to diopside and has a peak at ~377 cm-1, which is present in synthetic but not naturally-

derived ultramarine.14 The method to produce artificial ultramarine was discovered in 1826, and 

the synthetic pigment became commercially available in 1828.15 

 
Figure 6.15. a) Elemental map showing Si, Al, S, and Na present throughout the 
blue layer consistent with ultramarine, a sulfur-containing sodium aluminum 
silicate. b) Micrograph of pigment particles from the Virgin’s blue robe (EX0) 
under plane polarized light. c) Micrograph of the same pigment particles as (b) 
under cross-polarized illumination.  
 

 
Figure 6.16. Raman spectra (λex = 785 nm) showing that the blue pigment from a 
sample of the Virgin’s robe (EX5) lacks the diopside peak of a lapis lazuli 
reference and has a peak at ~377 cm-1 observed in synthetic ultramarine.14  
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Figure 6.17. Raman spectra (λex = 532 nm) showing that a green particle from a 
flesh sample (inset) has the sharp peak at 487 cm-1 characteristic of viridian, 
Cr2O3•2H2O.16 
 

 
Figure 6.18. FTIR spectra of one of the green particles in the surrounding paint 
matrix from a flesh sample (EX6), shown in the inset of Figure 6.17 and a 
reference spectrum for viridian. Peaks attributed to chromium borate and 
chromium oxide hydrate16 are marked on both spectra using different arrow 
styles.  
 

As suggested by FCIR imaging (Figure 6.10) and detection of chromium via XRF (Table 

6.1), the green pigment in the Madonna and Child contains chromium. Raman (Figure 6.17) and 

FTIR (Figure 6.18) spectroscopy determined that the chromium-based pigment is viridian, 

Cr2O3•2H2O, not chrome oxide green (Cr2O3). Per Zumbuehl et al., FTIR peaks at 1288 and 

1252 cm-1 indicate the presence of chromium borate, a chemical marker for Guignet green, a 
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type of viridian pigment manufactured using calcination. Zumbuehl et al. state that while high 

amounts of chromium borate are present in pre-World War II viridian, these boron-containing 

compound peaks are “rarely observed in pigment samples from paintings of the post-war 

period.” The authors note that this shift in viridian composition coincides with the advent of 

alternative methods for making chromium oxide hydrate.16 

 
Figure 6.19. a) High magnification (7.08Kx) SEM-EDS of particles within the 
pink paint layer of EX3 (Figure 6.14a) that contain magnesium, cobalt, and 
arsenic. b) Visible light micrograph of a large example of one of the pink-purple 
pigment particles. c) Raman spectrum (λex = 633 nm) of one of the pink-purple 
particles embedded in a paint matrix (inset) which includes titanium white. 
 

XRF results also suggested that a cobalt- and arsenic-containing pigment is present in the 

red and pink areas of the Madonna and Child (Table 6.1). As seen with high-magnification 

SEM-EDS (Figure 6.19a) particles with a pink-purple appearance (Figure 6.19b) within the pink 

paint layer of the red robe cross-section (EX3) are comprised of cobalt and arsenic as well as 
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magnesium. Raman peaks at 836 and 869 cm-1 (Figure 6.19c) identify this pigment as a specific 

formulation of cobalt violet light made up of Mg3-xCox(AsO4)2 and Mg3(AsO4)2.17 The earliest 

written record of cobalt violet light is from 1855.18 

Titanium, a marker of modern synthetic pigments, was detected by XRF at every location 

on the painted surface (Table 6.1); SEM-EDS data from all cross-sections indicate that titanium 

is present throughout the thickness of the paint layer and not limited to upper layers added during 

a restoration or conservation campaign (Figure 6.20). Raman spectroscopy (Figure 6.21) 

identifies the titanium-containing pigment as the anatase form of titanium white (TiO2). 

Furthermore, the lack of characteristic peaks for BaSO4 at 987, 460, and 452 cm-1 suggests that 

the titanium white pigment is not one of the early formulations,19,20 which were composites, the 

most common being titanium dioxide precipitated onto barium sulfate particles.21 These 

composite titanium white pigments remained the only commercially available options until 

~1922 at the earliest, following the discovery of an alternative synthetic route in 1920, which 

yielded pure (96-99%) anatase titanium dioxide pigments.21  

 
Figure 6.20 EDS data mapping the presence of titanium throughout the thickness 
of the paint layer in the blue robe, flesh, and red robe. 
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Figure 6.21. Raman spectra (λex = 532 nm) of a white pigment particle in the pink 
paint layer of EX3 (circled in inset) and an anatase titanium white (TiO2) 
reference. The peak at 735 cm-1 is due to a remnant of cyanoacrylate adhesive left 
from the cross-section mounting procedure. 
 

 None of the pigments discussed above existed prior to the 19th century (Figure 

6.22); their presence throughout the entire thickness of the paint layers (rather than only the 

upper layer or in areas where losses have been filled through inpainting) negates the possibility 

that they are the result of modern restoration.  The widespread use of anatase titanium white, a 

pigment that was not commercially available until 1918, provides a terminus post quem for the 

Madonna and Child. If the lack of barium sulfate peaks in the FTIR spectrum does indicate that 

the titanium white is not a composite pigment, then the terminus post quem may be as late as 

1922. 

 
Figure 6.22. Timeline of modern pigments detected in the IMA’s Madonna and 
Child, with dates of first use.  
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6.4.5 Binding media analysis 

The FTIR spectrum of a disperse ground sample (EX11) extracted with first ethyl acetate 

and then boiling water, shows that the binding medium is hide glue. Hide glue was the traditional 

medium used to prepare gesso in 14th century Siena.22 

 
Figure 6.23. FTIR spectra of a disperse ground sample (EX11) binding media 
extracted with ethyl acetate followed by boiling water (top, blue trace) and a 
reference spectrum for hide glue (bottom, red trace). Characteristic peaks 
common to both spectra are marked with arrows. 
 

 
Figure 6.24. FTIR spectra of a sample of the blue paint from the Madonna’s blue 
robe (EX5) treated with hydrofluoric acid (HF) (top trace, blue) and a reference 
spectrum of aged egg yolk. 
 
The FTIR spectrum of a sample from the blue paint layer, collected from EX5, was 

treated with hydrofluoric acid to etch away the silicate structure of the ultramarine pigment.23 

Silicates have strong IR absorbance in the same region as the diagnostic lipid and protein peaks 

for binding media: the lipid ester absorption at 1740 cm-1, indicative of an oil medium, as well as 
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the Amide I C=O stretch at 1654 cm-1 and the Amide II NH bend at 1542 cm-1, which are 

markers for protein-containing binders, such as egg yolk.24 While the FTIR spectrum matches a 

reference for egg yolk aged 58+ years, recent research has suggested that FTIR data is 

insufficient for identifying the constituents of complex organic binding media.25 

Fatty acid methyl ester (FAME) ratios of samples from both the red and blue robes (EX9 

and 10) were determined by pyrolysis-gas chromatography–mass spectrometry (PY-GC-MS). 

The ratio palmitic (P) to stearic (S) FAMEs for both samples from the Madonna and Child are 

below the lower bound expected for pure egg tempera, while the azelaic (A) to palmitic ratio 

exceeds maximum value for pure egg tempera. Typically, drying oils (e.g. linseed oil) have 

A/P > 1, while tempera grassa (a mixture of egg and drying oil) has 0.3 < A/P < 1.26 Thus, the 

FAMEs ratios suggest that the paint binder in the Madonna and Child is not pure egg yolk, but 

rather a mixture of containing oil. FAMEs analysis on the Fogg Art Museum’s Crucifixion in the 

style of Altichiero (1965.85), a painting sold to the museum donors by Joni, resulted in similar 

P/S ratios, but much lower A/P values. 

Table 6.2. Fatty acid methyl ester ratios determined by pyrolysis-gas 
chromatography–mass spectrometry (PY-GC-MS). P = palmitic, S = stearic, and 
A = azelaic.  
 

Sample description P/S A/P 

Blue paint layer (IMA#51.98) 2.34 0.40 

Red paint layer (IMA#51.98) 2.29 0.36 

Egg tempera literature values 26 2.5 – 3.5 < 0.3 

Fogg Crucifixion, blue paint sample 6  2.26 0.13 

Fogg Crucifixion, red paint sample 6 2.32 0.06 
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Figure 6.25. a) Micrograph of a cross section from the Christ child’s red robe 
(EX3) under normal, visible illumination prior to fluorescein isothiocyanate 
(FITC) staining. The paint layer structure shows a thin red glaze top layer over a 
thick pink layer, which is directly in contact with the gesso ground. b) Brightness 
subtraction image of the cross-section before and after the FITC stain (within the 
outlined area of interest only). c) Micrograph of the cross section under normal, 
visible illumination prior to rhodamine B (RHOB) staining. d) Brightness 
subtraction image of the cross-section before and after the RHOB stain (within the 
outlined area of interest only). 
 

 In order to gain insight into the binding media present in different layers of the 

painting, the red robe cross-section (EX3) was stained for proteins with fluorescein 

isothiocyanate (FITC) and for lipids with rhodamine B (RHOB) (Figure 6.25). FITC staining 

indicates that protein is present in both the paint layers and the gesso, consistent with the 

expected egg yolk paint binder and a hide glue gesso binder. The protein signal is much stronger 

in the pink paint layer compared to the upper red glaze layer. RHOB staining suggests that some 

areas within the pink paint layer as well as the lighter brown (umber) portion of the crack are 

enriched in lipids. These results are consonant with Joni’s ex novo painting techniques, including 



134 

 

stretching egg tempera with vinegar9 and using linseed oil, copal resin and turpentine to fix the 

painting.27 

6.4.6 Evidence of artificial aging 

The craquelure has two size scales (Fig. 2a): a larger scale with deep cracks that 

penetrate into the gesso layer (Fig. 2b) and a smaller scale with shallow cracks limited to the 

paint layers (Fig. 2c). These two distinct networks are consistent with methods Joni used later in 

his career to generate craquelure: first inducing cracks in the gesso before creating craquelure on 

the painting’s surface.9 Some areas of the painting appear pockmarked due to the presence of 

dark-colored divots (Fig. 2a, c); similar surface features have been observed in known Joni 

fakes8 – possibly air bubbles, generated during heat cycles of accelerated ageing, which burst at 

the painting’s surface.5 SEM-EDS on a cross-section of one of the deep cracks suggests umber 

(Fe2O3 + MnO2) is in contact with the gesso layer within the crack (Fig. 2d, e). Joni advised 

using ‘umber powder to remove the white [of the gesso] in case it appears in some small 

breakdown.’9 Both SEM-EDS and Raman spectroscopy indicate the crack also contains an 

animal-derived (phosphorus-containing) black pigment28 to visually enhance the craquelure (Fig. 

2f); thus, the dark color of the cracks is not due to accumulated dust, dirt or fireplace soot as 

might be expected in a naturally aged painting. 

XRF mapping (Figure 6.27) indicates that a layer of umber covers the dark-colored divots 

in the surface, like the deep cracks. Coincident with the location of the divot, titanium – present 

throughout the paint layers – has its lowest signal; calcium – a marker for the CaSO4 gesso 

ground – has its highest signal; and iron and manganese – constituents of umber – have their 

highest signals. These results suggest that the divot contains umber and gesso. 
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Figure 6.26. Evidence of artificial ageing. a) Detail of the Christ child’s proper 
left toe showing craquelure composed of two size scales: a longer length scale 
that penetrates into the gesso and a shorter length scale limited in depth to the 
paint layers. Modern paint has been applied across some of the larger cracks, 
likely during the 1969 conservation treatment at the IMA. Some areas of the 
painting, particularly the flesh tones, exhibit a high concentration of divots that 
are dark in color, which give these areas a pockmarked appearance. b) Detail of 
the incised halo around the Virgin’s head showing large scale, deep cracks which 
penetrate into the gesso. Around the edges of these larger cracks, the leaf and bole 
have worn away, leaving the ground visible. c) Detail of the Virgin’s scarf 
showing small scale cracks within the paint layer, two examples of the dark-
colored divots, and drapery details in gold. d) Micrograph of a cross-section from 
the Christ child’s red robe that includes a large induced crack. e) SEM-EDS data 
mapping the locations where iron (Fe), manganese (Mn) and phosphorus (P) are 
detected in the cross-section shown in (d). f) Raman spectra (λex = 532 nm) of the 
outer edge of the induced crack in the cross-section shown in (d) (blue line) and a 
bone black reference (red line). The arrows point to the phosphate (PO4) peak. 
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Figure 6.27. XRF maps of calcium (a marker for the gesso ground), titanium (a 
pigment which is present throughout the paint layer), and iron and manganese, the 
components of umber. These element maps correspond to the detail of the Christ 
child’s red robe which has one of the dark-colored divots, as seen in the 
micrographs at bottom. 

6.5 CONCLUSION 

While the wood panel support may date to the medieval era, the IMA’s Madonna and 

Child is a modern imitation of a Trecento-style painting. In both his memoir and letter from 

1945, Joni talks about using pre-existing, medieval panels for his ex novo paintings. Widespread 
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presence of anatase titanium white throughout the paint layer provides 1918 as a terminus post 

quem for the Madonna and Child, while the 1947 purchase yields a terminus ante quem. This 

time period closely coincides with Joni’s creation of paintings in the same style as the Madonna 

and Child, which may have begun in 1911 when he restored a painting by Duccio (Figure 6.4). 

Mazzoni states that Joni “conceived his own Ducciesque works” from 1925-1930. The artwork 

was purchased only a year after Joni’s death.  Although Italian artists of the 14th century may 

have used oils in glazes,25 staining shows that an underlying paint layer is partially enriched in 

lipids, consistent with the FAMEs ratios, which indicate a medium other than the pure egg 

tempera expected of a Trecento panel painting. Due to the difficulty of painting with egg tempera 

paints, Joni as well as his contemporaries added various substances to improve its workability. 

Divots in the painting’s surface may be an indicator of heat treatment used in accelerated aging. 

Identification of bone black as the pigment in the deeper network of cracks evinces an intentional 

visual enhancement. The two size scales of crack networks present in the craquelure as well as 

the umber directly on top of the gesso fit with specific recommendations Joni described in 1945 

for simulating the expected appearance of ancient paintings. The idiosyncratic flesh 

underpainting further suggests the hand of either Joni or a member of his workshop. Although 

the Madonna and Child is a modern fake, it is a well-crafted one. The technical analysis supports 

the attribution of the artwork to either Joni or his workshop. 
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