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Summary sentence (125 characters max): A new way to measure the rate of light-induced

charge generation in organic solar cell films with a nanometer-scale probe.

How light is converted to electricity in blends of organic donor and accep-
tor molecules is an unsettled question, in part because the spatial heterogene-
ity present in these blends makes them challenging to characterize. While
scanned-probe measurements have provided crucially important microscopic
insights into charge generation and transport in these blends, achieving the
sub-nanosecond time resolution needed to directly observe the fate of photo-
generated charges has proven difficult. Here we employ a charged microcan-
tilever as a gated mechanical integrator to record photocapacitance indirectly
by measuring the accumulated change in cantilever phase as a function of the
time delay between precisely synchronized voltage and light pulses. In contrast

with prior time-resolved scanned-probe photocapacitance measurements, the



time resolution of this method is set by the rise and fall time of the voltage and
light pulses and not by the inverse detection bandwidth. We demonstrate in
an organic donor-acceptor blend the ability of this indirect, “phase kick” tech-
nique to record multi-exponential photocapacitance transients on timescales
ranging from 40 microseconds to 10 milliseconds. The technique’s ability to
measure subcycle, nanosecond charge dynamics is demonstrated by measur-

ing the 10s of nanosecond sample electrical charging time.

Introduction

We introduce a method that significantly improves the time resolution of electric force mi-
croscopy, enabling the rapid acquisition of photocapacitance transients in solar-cell films. A
light pulse generates free carriers in the sample while a nearby charged microcantilever is used
as a voltage-gated mechanical integrator to encode the time evolution of the subsequent carrier
recombination as a change in the cantilever’s phase of oscillation. We illustrate the method by
using it to reveal a biexponential photocapacitance buildup in a polymer-blend solar-cell film,
with the fast component having a risetime of 40 ps at high light intensity. We demonstrate the
method’s time resolution in a control experiment in which we measure a tip-charging time of
35 ns.

Scanned probe microscopy has allowed researchers to explore spatial variations in charge
generation and transport in solar-cell films prepared on a conductive substrate (/—4) with a
best-case resolution of 2nm (5). Ginger and coworkers introduced time-resolved electric force
microscopy (tr-EFM) which enabled the study of photocapacitance transients on the microsec-
ond timescale in bulk heterojunction organic blends (6—9). These studies revealed that pho-
tocapacitance charging rates were proportional to external quantum efficiency in prototypical

organic bulk heterojunction blends, raising the exciting possibility of using scanned-probe mi-



croscope measurements to help rationally optimize the processing of organic semiconductor
donor-acceptor blends.

We seek to extend the time resolution of electric force microscopy (EFM) in order to study
fundamental processes like photoinduced electron transfer, charge recombination, charge trap-
ping, photocatalysis, and ferroelectric switching, at the single-molecule or single-domain level.
Such studies would help us understand the mechanism of charge generation (/0-217) and recom-
bination (12, 18, 22, 23) in organic donor-acceptor blends, for example — a topic of intense de-
bate. Nanosecond-resolution microwave conductivity measurements of charge generation have
recently revealed tantalizing evidence that Marcus theory can be applied to understand charge
generation in an organic donor-acceptor photovoltaic film (72, 24). The ability to perform anal-
ogous EFM measurements at high spatial resolution on conductive substrates is therefore an
extremely exciting possibility. Frustratingly, the tr-EFM experiment’s time resolution is set by
the detector and demodulation bandwidth; achieving nanosecond time resolution would seem to
require using radiofrequency oscillators digitized at GHz sampling rates, which is impractical.

To impart EFM with nanosecond resolution we must rethink the experiment from first prin-
ciples. Ultrafast indirect scanning tunneling microscopy (STM) measurements have demon-
strated ns to ps time resolution on gallium arsenide, but these measurements lack the clear
connection to organic solar cell performance demonstrated by Ginger et al. with tr-EFM (25—
32). Indirect Kelvin probe force microscopy (KPFM) methods can measure surface potential
changes with picosecond time resolution (33—37), but these measurements exploit the nonlinear
dependence of photovoltage on light intensity and/or the nonlinear dependence of the cantilever
frequency f. on photovoltage or assume the tip voltage passively observes sample properties.
Unfortunately, because photocapacitance generally depends linearly on light intensity, produces
a linear change in f., and depends strongly on tip voltage, the ultrafast methods of Refs. 33-37

are not applicable to the donor-acceptor blends studied here.



In this work, we demonstrate a new method to measure the photocapacitance charging rate
— “phase-kick” electric force microscopy (pk-EFM). The pk-EFM measurement is sensitive
to the same underlying photocapacitance dynamics as Ginger’s tr-EFM measurement. Our
measurement employs an indirect, non-linear detection protocol that enables the reconstruc-
tion of the full photocapacitance transient while sidestepping detector-noise and demodulator-

bandwidth limitations to the achievable time resolution.

Photocapacitance measurements. We bring a conductive cantilever near an organic donor-
acceptor semiconductor film (PFB:F8BT, see Fig. 1A). A voltage pulse is applied to the can-
tilever while a carefully timed light pulse is applied to the sample.

Due to electrostatic interactions with the sample, the cantilever’s resonance frequency is

shifted by
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where fy and k( are the cantilever resonance frequency and spring constant, respectively; V;
is the tip voltage; ® is the sample’s surface potential; and C{' is the second derivative of the
tip-sample capacitance with respect to the vertical direction. We write C{ (¢, hv) and ®(¢, hv)
to indicate that these quantities depend on time and light through the sample’s photocapacitance
and photopotential, respectively. The change in the curvature of the § f vs. V; parabola apparent
in Fig. 1B indicates that, in the PFB:F8BT sample, light primarily affects C” and not ®.

To measure the time evolution of the sample’s photocapacitance in Fig. 1, the tip voltage was
fixed at Vi, = 10 V and the cantilever frequency shift was recorded following the application of a
light pulse. The large tip-sample voltage V;s—® makes the measurement relatively insensitive to
light-induced changes in ®. In the representative data of Fig. 1C, the photocapacitance charging
time is 7 ~ Hms. In Fig. ID we show that photoinduced changes in C{ persist for many

seconds, making it difficult or impossible to collect reproducible data and implement signal



averaging. As previously observed by Coffey and Ginger (6, 38), we found that C{ could
be induced to recover quickly by returning the tip voltage to zero, which sweeps out charge

accumulated below the tip (Supplementary text 1, Fig. S1).

Experimental protocol. Figure 2 shows our new, indirect photocapacitance measurement.
We oscillate the cantilever at its resonance frequency using a commercial phase-locked loop
controller (Fig. 2A). Since the cantilever resonance peak in vacuum is narrow (A fpwmy =
2.5 Hz), we turn off the cantilever drive at ¢ = —10 ms so that analysis of the photocapacitance
transients is not complicated by phase-locked-loop phase errors (Fig. 2B). We apply precisely
timed voltage steps and light pulses using a commercial pulse and delay generator. To begin
the experiment, we step the tip-sample voltage from V; = ® to V; = & 4+ 10V (Fig. 2C).
Over the next 50 ms, tip-sample charge equilibrates as additional electrons flow to the sample
surface. The additional electrons increase the magnitude of the cantilever frequency shift from
approximately 0 f(—50ms) = —133 Hz to § f(0) = —150 Hz (Fig. 2D).

At t = 0, we apply a light pulse synchronized to the cantilever oscillation (Fig. 2D). The
light pulse initiates charge generation, which causes a change in the capacitance derivative C{'
(Fig. 2E). This change induces a small shift in the cantilever’s frequency of oscillation (Fig. 2F).
The frequency shift concomitantly advances the cantilever’s phase of oscillation. At a time
t = t,, we arrest the photo-induced advance of the cantilever phase by abruptly stepping the tip

voltage back to zero (Fig. 2C):

V for t<t
Vi(t) = b 2)
0 for t>t,.

In these experiments, we end the light pulse and the voltage step simultaneously to limit the
sample’s exposure to high light intensities (Fig. 2G). This synchronization is not critical for the
measurement, however. No matter when the light pulse ends, § f = 0 after the voltage turns

off because V; ~ ®. After the voltage turns off, we wait a delay time ¢4 before restoring the
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phase-locked loop drive. We wait at least 5 ms so that the data used to determine the cantilever
phase at the end of the light pulse is not complicated by phase-locked-loop phase errors (t4 = 5
to 15 ms).

Figure 2H through 2M shows how the we calculate the phase shift A¢ = ¢(t,) — ¢(0).
We measure cantilever displacement using a fiber interferometer, digitally sample the displace-
ment at 1 MHz, and save the full transient for later analysis. We first process the cantilever
displacement data using a software lock-in amplifier and determine the cantilever frequency
before the beginning of the pulse and after the end of the pulse using 3.4 ms and 6 ms of data,
respectively (the highlighted region of Fig. 2F; see supplementary text 2 to 4). We use these
frequencies to construct a second software lock-in amplifier with a variable reference frequency
set to match the cantilever frequency before and after the pulse. From the in-phase and out-
of-phase channels of the lock-in amplifier, we determine the cantilever amplitude, frequency,
and phase. Setting the lock-in amplifier to match the cantilever’s expected frequency before
and after the light pulse isolates the effect of the photo-induced change in capacitance (compare
Fig. 2F and K).

The net phase shift A¢ is the time integral of the light-induced change in the cantilever
frequency (Fig. 2K, shaded region). The frequency shift, and hence the phase shift, depends on
the product of the sample’s capacitance and the square of the tip voltage (Eq. 1). By pulsing the
tip voltage we turn the cantilever into a gated mechanical integrator of the photocapacitance
transient. We step the time ¢, repeat the experiment, and plot the net cantilever phase shift A¢
versus ;, (Fig. 2M). The measured phase shift is proportional to the integrated photocapacitance

transient,
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We fit the measured A¢ versus t, curve to learn about the sample’s transient photocapacitance.

In Fig. 3 we present an alternative view of the pk-EFM experiment. At the top of the fig-



ure we plot versus time the sinusoidal cantilever-displacement oscillation and, for comparison,
a square-wave reference oscillation. With the light off, the cantilever and reference oscillator
evolve in sync. Turning on the light causes the cantilever to begin oscillating at a lower fre-
quency (Fig. 3, top middle) such that, by the time the illumination is halted, the cantilever’s
phase of oscillation has shifted relative to that of the reference oscillator (Fig. 3, top right). At
the bottom of Fig. 3 we show the evolution of the cantilever and reference oscillator as viewed
in phase space and at the outputs of a lock-in detector. At long times (Fig. 3, lower right), the
observed phase difference is blurred by phase noise in the cantilever oscillation, but the average

phase difference is still retained.

pk-EFM Theory

To demonstrate that our new technique is sensitive to subcycle, nanosecond dynamics, we model

the cantilever as a harmonic oscillator with position z, momentum p, mass m, and spring con-

stant ko,
T =p/m 4)
p=—(ko+0k(t))z + F(t) (5)
with,
1
F(t) = §Cé(t)Vt(t)2 (6)
1
Ok(t) = 5C(OVA()’, ™)

a time-dependent force and spring-constant shift, respectively, caused by the capacitive tip-
sample interaction. In Eq. 7, C{ and C{ are the first and second derivatives of the tip-sample

capacitance with respect to height and V; is the tip voltage. We neglect dissipation because



the experiments described here occur on a timescale much shorter than the cantilever ringdown

time. Equations 4 and 5 are two coupled linear equations with time-dependent coefficients.

Magnus expansion. While there is no general analytic solution to Eqs. 4 and 5, we can use the
Magnus expansion to obtain a highly accurate approximate solution (39, 40). The cantilever’s

evolution can be written in terms of the state vector = (x p)7,

= A(t)x + b(1), (8)
with a state matrix
_ 0 1/m
All) = <—mwg (L4r(E) 0 ) ©)
and generalized force
b(t) = (F(()t)) . (10)

We write A using the cantilever resonance frequency wo = +/ko/m and the normalized spring-
constant shift

k() = Sk (t)/ko. (11)

The exact solution for the time evolution of the state vector in Eq. 8 can be written in terms of

the system’s propagator U,
t
2(t) = U(t 1) o(to) + / Ut 1) b(t') dt'. (12)
to

The Magnus expansion writes the propagator as the exponential of a certain matrix Q, U (¢, tg) =

exp (¢, to). The first-order Magnus approximation for €2 is

t
Qt, to) ~ / At (13)
to



This gives the approximate propagator

N cos (w(t —tg)) (mw) tsin(w(t—tp))
Ut to) ~ (—mwsin(w(t — o)) cos (@ (t — to))) ’ (14)

where w(t, to) is a time-dependent frequency representing the average cantilever frequency be-

tween the time ty and ¢,

1 t 1/2
O_J(t, to) = W (1 + t—to / /Q(t’) dt/) . (15)

to
Likewise, 0(t,to) = @ (t — to) is the cantilever phase accumulated between t, and ¢. Typically

k < 1 so the phase is well-approximated by

t
H(t, to) ~ Wy (t — to) + %/ K;(t/) dt/ (16)
to

Equation 1, the usual KPFM expression for the cantilever’s frequency, is recovered by defining

an instantaneous frequency 27 f (t) = df/dt.

Experimental protocol. Consider the experiment of Fig. 2. We abruptly initiate sample il-
lumination at time ¢ = 0, and the sample’s capacitance begins evolving to a new steady-state
value. Simultaneously, both C{ and C{’ will likewise evolve to new values, following the same
dynamics. The key to extracting the photocapacitance transient is that we can independently
control the tip voltage V;(¢). At a subsequent time ¢t = ¢, we abruptly turn the tip voltage to
zero as in Eq. 2. Inserting Eqgs. 2 and 7 into Eq. 11 and inserting the result into Eq. 16 with
to = 0, we obtain

Wo V2

tP
~ _ 1 (4! !

which agrees with the phase shift given in Eq. 3.

Long time response. For simplicity let us model the photocapacitance dynamics as single-

exponential with a risetime of 7. In this approximation C!'(t) = C/(0) + ACY (1 — e7/7) for
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¢t > 0. Inserting this C{'(¢) into Eq. 17, we obtain the cantilever phase measured at ¢ > ¢,

WOVQ

O(t) ~ wot — ACY(0)t, + Ag (18)
4k
2
A¢p = ——wi;/ ACY, {ty—T+Te ™}, (19)
0

The first term in this equation, wy?, is the expected time-dependent phase arising from free
evolution of the cantilever. The second term is a pulse-time-dependent phase shift arising from
the voltage-dependent force gradient. Since both wy and ACY(0) are easily measured, it is
straightforward to extract from @ the additional phase shift A¢ arising from the transient pho-
tocapacitance. The slope of the A¢ versus t,, line is —woV2ACY, /(4ko) and the intercept is 7,

the sample’s sought-after photocapacitance risetime.

Short time response. At short times, the forcing term b(¢) in Eq. 8 also contributes signifi-
cantly to the cantilever’s subsequent motion. We model the C{ photocapacitance dynamics with
the same single-exponential risetime 7: C}(t) = C!(0) + AC} (1 — e~/T). For reference, con-
sider the effect of this force in the absence of photocapacitance (AC},, = 0). The electrostatic
force vanishes abruptly at time ¢ = ¢,, so that the cantilever’s position and momentum evolve

according to the equations

(:c(t > tp)) _ ( Ag cos (wo(t —tp) + ¢p) + 6z cos (wo(t — tp))> — UL (AO cos ¢p, + (5:(;0>
p(t >1tp) —mwoAg sin (wo(t —t,) + ¢p) TPEN —mwy Ag sin ¢,

(20)
with dzg = V2C{(0)/(2ko) the DC deflection of the cantilever due to the electrostatic force on
the tip and ¢, = 6(¢,,) the cantilever’s phase at ¢,,, given by Eq. 18. For dz¢ < A,, the effect of
dxo on x in a voltage-only reference experiment can be written in terms of an equivalent shift

in amplitude and phase given by, respectively,

AAes = 0xgCOS P, (21)
At = — 22 sin g, 22)
Ao
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In words, the Vi — 0 step leads to either an amplitude or phase shift depending on the can-
tilever’s absolute phase of oscillation at the moment when the voltage is returned to zero.
The photocapacitance term AC} , adds an additional shift to the cantilever position and

momentum

(h28) e ().
with 0z, = V2 AC},/(2k,) the DC deflection arising from the photocapacitance-related force.
In writing Eq. 23, we have used the approximation that we are working in a short-time limit
where ¢, < 1/wg and 7 < 1/wy. The shifts in position and momentum in Eq. 23 should
be added to Eq. 20. The resulting change in cantilever position can be written in terms of an

additional amplitude and phase shift. For 7wy < 1, the effect of Axy, on the amplitude and

phase is small compared to the effect of Apy,,. In this limit,

AA~ — Abn sin ¢, (24)
mwo
Phv
AP ~ — . 2
o} Aoy CcOos ¢y, (25)

Writing the amplitude and phase shifts out, we have

Wo —t /T -
AA ~ 5:(:th {tp — 7+ Te e/ } sin ¢y, (26)

0Th,  Wo
Ap o 2w 20
¢ AO 1 + Tzwg

{t,—7+ Te_tP/T} COS ¢Pp. (27)

Remarkably, the braced terms in Eqgs. 23, 26 and 27 show the same characteristic dependence
on 7 seen in the long-time phase-shift experiment, Eq. 19. By controlling the timing of the
voltage pulse we can arrange for ¢, to be 7/2; in this case the short-time photocapacitance
leads to a phase shift. We can instead encode the short-time photocapacitance as an amplitude
shift by adjusting the pulse time so ¢, = 0 or 7. Below we demonstrate the use of an amplitude

shift to verify the effect of short (< 1 ps) duration voltage pulses on the cantilever. The slope
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of the A¢ versus t, line is woVZACY}, /(2A0ko). We observe that ACY, /Ay > AC), making
the accumulated phase per unit time in the short-time experiment an order of magnitude larger
than one would expect from extrapolating Eq. 18. This fortuitous finding partially mitigates the
challenge of observing the small total phase shift accumulated in a sample with submicrosecond

photocapacitance dynamics.

Results

See the Materials and Methods section for a description of sample-fabrication, measurement,
and data-analysis protocols.

We directly compared the new phase-kick technique outlined in Figure 2 to tr-EFM by
performing both experiments consecutively, under identical illumination and sample conditions
(I, = 100kW m~2, PFB:F8BT on ITO). For the pk-EFM experiment, we measured phase
shift A¢ vs. pulse time ¢, for N = 768 data points with the pulse time varied from 0 to 1.4 ms.
For each pulse time, we also collected a control data point with the light off. For the tr-EFM
experiment, we calculated the mean and standard error of the frequency shift d f vs. time ¢ from
N = 384 repetitions. For both experiments, an 87 ms delay (with 1, = 0V) was included
between repetitions to ensure the sample’s photocapacitance was fully recovered. We operate
at a tip-sample separation of h = 250 nm to limit the effects of tip-sample drift over the course
of the 20 minute measurement. To compare the two experiments, we modeled the cantilever’s

frequency shift under illumination as the sum of two exponentials,
Sf(H) = Af(1—e ™)+ Afa(1 —e7/™). (28)

The tr-EFM mean frequency shift data was fit directly to Equation 28. Since the phase shift
during the pulse is the integral of the frequency shift (Eq. 3), we fit the phase to the integral of

Equation 28.
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We fit to a biexponential model because the data fits a single exponential model poorly
(supplementary text 5, figure S5). A biexponential model offers enough degrees of freedom to
adequately fit our data. Since we do not yet have a microscopic model for photocapacitance,
as explained in the Discussion section, we will not speculate on the physical origin of the two
components. We conclude only that the measured frequency shift has both a fast and slow
component. A successful microscopic model would explain our observation of a fast initial
change in capacitance and continued slow changes in capacitance that extend for much longer
than a single exponential model would predict.

We can nevertheless rule out several possibilities for the observed biexponential frequency
and phase transients. At the highest light intensities, the changes in photocapacitance are fast
enough to potentially involve our short time response theory (Eqs. 20-27). We do see evidence
that light-induced changes in the tip-sample force F' o< Cf affect the cantilever phase, but the
size of the neglected phase shift is only ~ 0.2mcyc, small compared to the total measured
phase shift (supplementary texts 6 and 7, figure S6). The measured power spectral density
of the cantilever displacement signal shows no evidence that multi-modal excitation occurs
during our experiments (supplementary text 8 and Figs. S7 and S8). The cantilever’s surface
potential ® shifted by +160 to +440 mV under illumination (from 0.1 kW m~2 to 100 kW m 2
intensity). Since we operated at a positive tip voltage, this light-induced surface potential shift
would, in isolation, produce a positive cantilever frequency or phase shift. This positive shift
is inconsistent with the negative frequency shift of the fast component. It is unlikely, therefore,
that the fast component arises from a photovoltage transient.

In Fig. 4A, we compare the datasets by plotting the pk-EFM phase shift experimental and
control data along with the integrated biexponential best fit calculated from both the pk-EFM
and tr-EFM experiments. The gray points show the control data before correcting for the phase

shift caused by the abrupt change in tip-sample voltage at the end of the pulse (Eq. 22, see
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supplementary text 4). In Fig. 4B, the raw tr-EFM data is compared to the biexponential best
fit calculated from both the phasekick and tr-EFM experiments. Even though the two fits come
from different datasets, they are quite consistent. The agreement between the plots in Fig. 4A
and B establishes that both techniques measure the same photocapacitance information.

To further demonstrate the equivalent information obtained with the two techniques, we
repeated this direct comparison at light intensities ranging from 0.1 to 100 kW m~2. The pk-
EFM results are shown in Fig. 4C. The time constant is different at each light intensity. The
best-fit time constants 7y, 7, are found to be comparable for the two methods across the full
range of intensities (Fig. 4D, Fig. S5). For the fast 7; time constants measured at 20 kW m 2
and 100 kW m~2, the time constants and error bars are less directly comparable. The tr-EFM
model does not account for the fact that the measured A f(t) is a convolution of the cantilever’s
actual frequency shift with the lock-in amplifier filter (see Fig. 7A), which explains why it
measures longer time constants. The pk-EFM error bars are moreover highly dependent on the
pulse times used; to better measure the very fast component of the 20kW m~2 data set, for
example, more data points could be taken for pulse times from O to 100 pys. Consistent with
Coffey et al., the time constants decrease with increasing intensity (6).

Coffey et al. only employed light intensities up to 2.5 kW m~2. In agreement with Coffey
et al., we see very little dependence of A f., on intensity at low intensities (< 2.5 kW m™2). At
higher intensities, we find that A f., increases with increasing intensity (Fig. S12). The light-
induced surface potential change (A®y,, increasing from +160 at 0.1 kW m ™2 to +440mV at
100 kW m~2) would, on its own, lead to a decrease in A f,, with increasing light intensity. The
change in A f, is also unlikely to be due to photothermal effects; we estimate that sample heat-
ing caused by the laser at I, = 100 kW m~? is 2 K during the 1.5 ms pulse time (supplementary
text 9).

Figure 4 shows that we can measure sample dynamics down to the very edge of the long-
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time response limit with pk-EFM. In the long-time response limit, the difference between pk-
EFM and tr-EFM is not dramatic. Before proceeding to the short-time response limit, it is
helpful to write a simple model of the measurement. When we turn on the light, the cantilever’s
actual frequency 9 f..,; changes as a function of time. The changes in the cantilever’s actual
frequency are related to the sample’s response function G, We write the actual cantilever
frequency shift J f..ns as a convolution (denoted by ) of the sample response function Ggamp

and a dummy variable u representing the light intensity:

O feant (t) o (U * Geamp) (). (29)

In tr-EFM or pk-EFM, we attempt to infer information about sample properties (Gsamp) from the
cantilever’s measured frequency (or phase) shift § fi,cas. The measured frequency shift 0 fjeas
or phase shift d¢e.s 1 the convolution of the lock-in amplifier response function Hp, and the

cantilever’s actual frequency shift:

0 frneas(t) = (H * 0 feant) (t)- (30)

In a typical direct measurement, it is assumed that sample dynamics are significantly slower
than the time scale of the lock-in amplifier response, s0 that ¢ fieas(t) = 9 feant (£)-

In Figure 5, we attempt to use tr-EFM to measure the sample’s fast charging time 7.. We step
the cantilever tip voltage from V; = ® to 1, = ® + 10V (A). The sought-after charging time 7.
is a property of the sample response function Gy, (B). We signal-average N = 784 steps, all
precisely synchronized to the cantilever oscillation cycle. We demodulate the signal-averaged
data with a wide bandwidth lock-in amplifier filter Hy, (C, w; ' = 20ps). We expect that the
cantilever’s actual frequency 0 f..n; quickly changes as the sample charges on the microsecond
or faster timescale. However, the measured frequency shift d f;,..s and phase evolve over a
timescale of 10s of microseconds, reflecting the time scale of the lock-in amplifier filter Hj..

We also observe a significant change in cantilever amplitude, Fig. 5D, which only occurs when
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the charging time occurs on a timescale similar to or faster than the inverse cantilever frequency:
7. < w; ! = 2.6 us (Equation S13). However, the timescale of the change in the cantilever’s
measured amplitude is dominated by the response of the lock-in amplifier filter. To demonstrate
the difficulty of inferring information about sample properties from the measured amplitude and
frequency, we model the expected cantilever amplitude for sample charging time constants of
T. = 0.1ns (orange) and 7. = 1000 ns (purple). The residuals for the two models are shown
in Figure 5E. Since 7. < 7, there is essentially no difference in the cantilever’s measured
amplitude versus time even over this 4 order of magnitude range of sample charging times.
Using the demodulated phase d¢eas Offers no improvement; the phase versus time transient
exhibits the same characteristic broadening due to the convolution of the actual phase d¢cant
with the lock-in amplifier filter.

The bandwidth of the lock-in amplifier measurement b;, = 8 kHz is much lower than the
bandwidth of our detector by = 200 kHz. With the results of our short time response theory
available (Egs. 20-27), it is natural to consider measuring the light-induced shifts in cantilever
position directly in the time domain. We fit the same signal-averaged displacement versus time
data for t < 0 (J, blue curve). In Figure 5K, we plot the difference between the measured
displacement data and the blue curve fit. This difference corresponds to the additional can-
tilever displacement caused by the fast change in tip-sample force F' (Equations 12 and S13).
We model the charging-induced oscillation and plot the fits and residuals (L) for 7. = 10ns
(orange, circles) and 7. = 350ns (purple, squares). There is effectively no difference in the
cantilever’s displacement for 7. = 350 ns (2 percent of the cantilever period) or faster. This re-
sult puts a hard limit on the time resolution of tr-EFM or FF-trEFM; if two different sample time
constants produce identical cantilever position versus time data, no amount of post-processing
can distinguish between them.

Figure 6 shows a pk-EFM measurement of a submicrosecond charging time constant. We
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applied (< 1pus) voltage pulses to the cantilever tip on N = 100 consecutive cantilever os-
cillation cycles (A). The demodulated cantilever amplitude, frequency and phase are plotted
in Figure 6B-D. Figure 6E shows that the pulses shift the cantilever amplitude or phase, de-
pending on the phase of the cantilever at the time of the voltage pulse. The magnitude of the
amplitude or phase shift is related to the pulse time ¢,,. For instantaneous sample charging, we
would expect AA,,.x  t,. Figure 6F shows that the magnitude of AA,,,./t, diminishes for
short pulse times, consistent with charge being unable to get in and out of the sample on the
timescale of the fastest pulses. From ¢, = 50 ns to ¢, = 800 ns, the magnitude of the sample’s
response changes by a factor of 2. The two points on the left of Figure 6F show the measured
amplitude response leveling off for ¢, between 400 and 800 ns. For tr-EFM, however, the mea-
sured amplitude change only levels off on the timescale of the lock-in amplifier filter, 10s of us
(Figure 5D). Even measured directly in the time-domain, the cantilever takes an order of mag-
nitude longer (~5 ps) to fully reflect the effect of the voltage pulse. The key difference is that
in pk-EFM, a tip voltage pulse of length ¢,, effectively probes the average value of the sample
response Ggamp, Over the interval ¢ = 0 to ¢,. This is dramatically different from the tr-EFM
measurement of Figure SD-F, where the measured amplitude, frequency, or phase at a given
point in time is always averaged over the width of the lock-in amplifier filter. Crucially, in pk-
EFM the measured phase or amplitude shift is independent of the lock-in amplifier or detector.
This can be seen clearly in the data of Figure 6C, where the same data is demodulated with two
different bandwidths. While the shape and smoothness of the traces in Figure 6C is different,
the integrated frequency shift or phase shift shown in Figure 6D is the same. The only caveat
is that the limits of the integral must be extended appropriately to account for the rise and fall
time of the lock-in amplifier filter.

To quantitatively describe the experiment of Figure 6A—F, we account for the finite charging

and discharging time of the sample in response to a square pulse by writing V;(t) = V(1 —
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e V™) for t € (0,t,) and V;(t) = V(1 — e~®/7)e=(=%)/7 subsequently, where V is the
amplitude of the square pulse, 7. the effective sample charging time and ¢, the duration of the
square pulse. Reworking the derivation of the amplitude jump from this starting point gives
AA/t, = dzcsing, (1 — 7oty " — 7ty e~"/™) with the phase shift ¢, = 2 fotq controlled by
the pulse time delay tq and dz. = V2C//(2k,) a DC deflection due to electrostatic forces. The
measured cantilever amplitude change in Fig. 6E shows the expected sinusoidal dependence on
delay time. Figure 6F shows that the AA/¢, vs. ¢, data is well described by the above equation
with 7, = 34 &+ 5 ns.

To provide evidence that pk-EFM can likewise measure nanosecond photocapacitance dy-
namics, we simulated cantilever dynamics using a model similar to Equations 4-7. The simula-
tions included independently measured effects from (a) near-surface cantilever frequency fluc-
tuations (4/—43), (b) thermal fluctuations in cantilever position (44), (c) detector noise (42), and
(d) transient force and force gradients arising from the gated photocapacitance signal. Repre-
sentative numerical simulations assuming 30 minutes of signal averaging per curve — including
realistic ms-duration photocapacitance “reset” delays — are shown in Fig. 6D. A photocapaci-
tance risetime of 10 & 2 ns is clearly resolved.

The data of Figs. 5 and 6 highlight the special ability of pk-EFM to measure fast photocapac-
itance signals. Another advantage of the pk-EFM experiment is that, in contrast with tr-EFM,
time resolution during evolution and sensitivity during detection can be separately optimized.
This advantage is explained in Fig. 7. The tr-EFM experiment measures the photocapacitance
risetime constant directly by demodulating the cantilever oscillation versus time data using a
lock-in amplifier filter with bandwidth by, and fitting the resulting frequency shift versus time
data. The lock-in filter bandwidth limits the time resolution of the measurement since the mea-
sured frequency shift convolves the cantilever frequency shift with the lock-in’s filter function

(Fig. 7A and B). The wide filter bandwidth necessary to obtain improved time resolution also
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increases noise, as shown in Fig. 7B and Fig. 1C. Any such direct measurement faces the same
trade-off: detector bandwidth by, determines the time resolution ¢, = 1/27by,; increasing by, to
reduce ¢, leads to a larger mean-square frequency noise.

In contrast, pk-EFM is sensitive to arbitrarily fast changes in photocapacitance during the
pulse time ¢,. Time resolution is obtained by using short pulse times ¢,. The ultimate time
resolution is limited only by the ability to modulate the tip voltage, which can be as fast as
picoseconds (45—47). We are free to employ a phase filter to minimize the effect of surface and
detection noise (Fig. 7D; Supplementary texts 2 and 3). Figure 7E plots the power spectrum
of the filtered phase fluctuations. The Fig. 7D filter successfully rejects both low frequency
surface-induced noise and high frequency detector noise. The Fig. 7D filter — and therefore
the mean-square phase noise — is essentially independent of the pulse time ¢, for short pulse

times.

Discussion

In this work, we demonstrate a new indirect photocapacitance measurement, pk-EFM. The pk-
EFM measurement uses the cantilever as a mechanical integrator and measures cantilever phase
shift, a new observable. By measuring phase shift, the average frequency shift during the pulse
is inferred without relying on slow modulation and lock-in techniques.

A comparison with the tr-EFM experiment is instructive. In FF-trEFM the cantilever oscil-
lation is detected, demodulated, and filtered; the measured parameter is the time ¢gp at which
the resulting cantilever frequency transient reaches a maximum. This empirical calibration step
reduces the entire photocapacitance transient to a single number, tpp. This observed quantity
depends not just on the photocapacitance risetime but on a number of ancillary parameters in-
cluding the filter parameters and the sample’s steady-state photocapacitance. For this reason,

an empirical calibration step is required to relate the measured ¢pp to the sample’s underlying
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photocapacitance risetime. It is unclear how this calibration procedure works if the sample’s
photocapacitance evolves on multiple time scales, as does the sample studied here. The time
resolution of the tr-EFM measurement is limited by the detector bandwidth.

In pk-EFM the cantilever charge is pulsed and the cantilever oscillation is detected, mod-
ulated, and filtered; the measured parameter is the cantilever phase shift. Like ultrafast STM
and KPFM photovoltage measurements, pk-EFM is an indirect measurement. Indirect mea-
surements record only the average detector signal. To build up a picture of the sample’s fast
dynamics, the average detector signal is measured for a series of different time-offset electrical
or optical pulses. The time resolution is limited only by the duration or jitter of the pulses. Cru-
cially, indirect measurements require a system non-linearity so that the average detector signal
responds to changes in pulse length, delay, or frequency. The phase shift A¢ in the pk-EFM
experiment depends on the product of C{' and V;, so the limited-duration tip-voltage pulses
provide the necessary non-linearity.

In the pk-EFM experiment, no calibration step is required and the full photocapacitance
transient is recovered by measuring the phase shift as a function of the pulse time. In contrast
to previous indirect KPFM measurements, pk-EFM makes one phase shift measurement per
pulse time, providing crucially important flexibility to include arbitrary wait times and voltage
pulses before or after each measurement. This experimental flexibility allows pk-EFM to obtain
reproducible photocapacitance measurements in organic semiconductor samples despite lengthy
charge equilibration times.

The indirect nature of the pk-EFM method allows it to measure the full photocapacitance
transient, not just the photocapacitance risetime. This capability was demonstrated here by
uncovering a second, fast photocapacitance risetime not observed before in a nominally well-
studied material. The pk-EFM measurement employs well-defined cantilever physics, which

enables simulation (including relevant noise sources) of the experiment across a range of timescales.
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The experiment admits a rigorous signal-to-noise analysis which details how sample fluctua-
tions, thermal noise, and detection noise affect the measurement’s phase resolution. The exper-
iments show that pk-EFM is capable of measuring a photocapacitance transient whose risetime
is much shorter than the inverse demodulation bandwidth and the cantilever period. Numerical
simulations indicate that pk-EFM is capable of resolving a photocapacitance transient whose
dynamics are six orders of magnitude faster than the inverse detection bandwidth (Fig. 6G).

The pk-EFM measurement, with a faster pulsed light source and modest improvements in
the time response of the cantilever-circuit charging time, is poised to achieve nanosecond reso-
lution, comparable to what time-resolved microwave conductivity can achieve. Nanosecond-
resolution TRMC measurements have generated the first evidence that Marcus theory gov-
erns charge carrier generation in dilute donor-acceptor films prepared on non-conductive sub-
strates (24). TRMC measures the charge-mobility product. Despite Ginger et al.’s empirical
connection between the tr-EFM risetime and device efficiency, it is not yet clear what micro-
scopic material property the time-resolved EFM photocapacitance experiment is measuring.
Ginger and coworkers observe that light affects primarily the risetime, not the magnitude, of
the photocapacitance signal in the EFM experiment. This finding suggests to us that the tr-
EFM experiment is mainly probing the sample’s photoconductivity. More work is required to
test this hypothesis. Tirmzi et al. recently reformulated a theory for the EFM experiment that
explicitly incorporates the complex sample impedance (48). Unifying this improved treatment
of the EFM experiment with the pk-EFM theory presented here should allow us to connect the
pk-EFM transient signal to materials properties and, ultimately, to microscopic theory.

Given its high temporal and spatial resolution, the phase-kick electric force microscope
method introduced here clearly opens up many exciting possibilities for studying charge carrier
generation and recombination in a wide range of device-relevant semiconductor films.

Supplementary Material accompanies this paper athttp: //www.scienceadvances.org/.
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Materials and Methods

Sample preparation

ITO substrates (Nanocs, 10 (2/sq.) for depositing organic semiconductors were scrubbed with
an Aquet liquid detergent/DI water solution, rinsed with DI water, and sonicated in a fresh
Aquet solution for five minutes. The chips were rinsed, sonicated in pure DI water for five
minutes and dried with high pressure nitrogen gas. Prior to depositing the solar cell blend, the
chips were plasma cleaned for 10 minutes.

To prepare organic bulk heterojunction samples, 75 mg of PFB (poly(9,9’-dioctylfluorene-
co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine)) and F8BT (poly(9,9’-dioctylfluorene-
co-benzothiadiazole)) were separately dissolved in 5 mL p-xylenes. The solutions were filtered
using PTFE syringe filters, then mixed together and used immediately. Approximately 200 puL
was deposited on an indium tin oxide (ITO) substrate and was spin coated at 2000 rpm for 60 s.
All sample preparation was done in a dark room under orange light, and samples were immedi-
ately transferred to a nitrogen glovebox. The samples were transferred from the glovebox to the

microscope at night, under red light illumination, and exposed to air for less than 15 minutes.

Scanned probe microscopy

All experiments were performed under vacuum (8 X 10~7 mbar) in a custom-built scanning
Kelvin probe microscope (49). The cantilever (MikroMasch HQ:NSC18/Pt conductive probe)

had resonance frequency f = 62.000kHz, spring constant & = 6.9Nm™! and quality factor
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() = 28000 (Supplementary text 11 and Fig. S9). Cantilever motion was detected using a fiber
interferometer operating at 1490 nm (Corning SMF-28 fiber). The laser diode’s (QPhotonics
laser diode QFLD1490-1490-5S) DC current was set using a precision current source (ILX
Lightwave LDX-3620) and the current was modulated at radiofrequencies using the input on
the laser diode mount (ILX Lightwave LDM-4984, temperature controlled with ILX Lightwave
LDT-5910B) (50). The interferometer light was detected with a 200 kHz bandwidth photode-
tector (New Focus model 2011, built-in high-pass filter set to 300 Hz) and digitized at 1 MHz
(National Instruments, PCI-6259). The cantilever was driven using a commercial phase locked
loop (PLL) cantilever controller (RHK Technology, PLLPro2 Universal AFM controller), with
PLL loop bandwidth 1.2 kHz (PLL feedback loop integral gain I = 2.5 Hz ™!, proportional gain
P = —12degrees/Hz).

For pk-EFM and tr-EFM photocapacitance measurements, the sample was illuminated from
above with a fiber-coupled 405 nm laser (Thorlabs, LP405-SF10, held at 25 °C with a Thorlabs
TED200C). The laser was turned on and off using the external modulation input of the laser’s
current controller (Thorlabs, LDC202, 200 kHz bandwidth), and the laser power was measured
using a fiber coupled power meter for each external voltage input. The light was coupled to
the sample using a 50 um core, 0.22 numerical aperture fiber (Thorlabs FGOSOLGA) (49). The
estimated spot size on the sample was (330 x 120) um?, and the illumination intensity was
estimated from the measured power and estimated spot size. The measured switching delay
was 3.4 pus, with a 2.5us 0 to 100 percent risetime (Fig. S11). The tip voltage was switched
to 10 V beginning 50 ms before the start of the light pulse, in order to allow sample charges to
equilibrate (Fig. 2D). The cantilever drive was switched off 10 ms before the start of the light
pulse to avoid complicating the cantilever motion with artifacts from the PLL response (7). A
commercial pulse and delay generator (Berkeley Nucleonics, BNC565) was used to generate

tip voltage and light modulation pulses, as well as to turn off the cantilever drive voltage. The
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BNC565 was triggered synchronous with the cantilever oscillation (Supplementary text 12).
Between individual pulses, the sample was allowed to recover for 87 ms to 4s with the tip
voltage V; =0V.

Swept-voltage KPFM curves were taken before and after each pk-EFM or tr-EFM measure-
ment to determine the tip-sample capacitance and surface potential (57). The sample’s voltage
(controlled with Keithley Model 2400) was adjusted to the sample’s surface potential (typically
0.2 to 0.4V), so that V; — ® was held constant. Measurements were performed 250 + 10 nm
above the surface, determined by measuring the 50 percent amplitude reduction point before and
after each measurement. Datasets with significant tip-sample drift (> 10 nm) over the course of
the 1 to 20 minute measurement were discarded. The initial cantilever zero-to-peak amplitude
was A = 50 nm. At ¢ = 0 the cantilever zero-to-peak amplitude was 42 nm.

The raw cantilever oscillation data (digitized at 1 MHz) was saved along with counter tim-
ings (PCI-6259, 80 MHz counter) indicating the precise starting time of the light pulse (syn-
chronized to the cantilever oscillation), allowing the start of the the light pulse to be determined
to within 12.5ns. Along with each pk-EFM phase shift data point, a control data point, identical

except without turning on the light, was collected.

Data workup

The data was processed in Python using a virtual lock-in amplifier technique. First, the data was
processed through a fixed-frequency lock-in amplifier, with the reference frequency f..r equal
to the frequency where the data’s Fourier transform was a maximum. The lock-in filter was
a modified Blackman finite impulse response filter, as described in Supporting Discussion 2,
designed to pass frequencies below fip1 = 2kHz and to eliminate frequencies above fips =
8kHz (3 dB bandwidth 3.84 kHz). To precisely determine the additional light-induced phase

shift in the vicinity of large changes to the cantilever frequency caused by stepping the cantilever
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tip voltage, the data was also processed with a frequency-variable virtual lock-in amplifier, with

A ot<t,
fref—{f2 . (31)

The complex output z of the lock-in amplifier was demodulated into amplitude A = |z| and
phase ¢ = argz. The frequency was calculated from the phase using a central-difference

numerical derivative.

pk-EFM phase difference filter The filtering of the frequency and phase was performed
analogously. The frequency f; was chosen to be the best estimate of the cantilever frequency
before the start of the light pulse, determined by averaging f(¢) out of the lock-in with an ex-
ponential weighting with a time constant of 0.67 ms. The frequency f,; was chosen to be the
best estimate of the cantilever frequency after the end of the voltage pulse, using a 1.2 ms expo-
nential time constant. These same time constants were used to determine the phase estimate of
the cantilever phase before and after the pulse. The time constants were chosen to minimize the
noise, which is determined by the competition between low-frequency surface-induced noise,
which needs to be allowed through the filter to better estimate the actual frequency and phase,
and high-frequency detection noise, which needs to be rejected to estimate frequency and phase
as precisely as possible. The time constants are different because after the pulse the tip voltage
was set to Vi = 0V, reducing the surface noise and allowing the phase and frequency to be
determined more precisely by averaging for a longer time (Fig. S3). The phase before and after
the pulse was determined using a weighted linear fit with the same exponential weighting used
to determine the frequency (Supplementary text 3). The phase difference filter is shown in
Fig. 7D.

As illustrated in Fig. 7D and Supplementary Fig. S4, a weighted linear fit, with the same
exponential time constants used to determine fi, fo, was use to analyze the control data before

and after the end of the pulse. To determine the precise cantilever phase at the end of the pulse,
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the 20 displacement data points nearest to ¢ = ¢, were used to create a Krogh interpolator in
Scipy (52, 53). The Krogh interpolator and its first derivative evaluated at ¢, give the cantilever

position z and velocity v. The cantilever phase was calculated from x and v using,

v
2m f[]
tq = 2w f[K], (33)

Pli=s, = arg(x — i) (32)

where f[k] is the cantilever frequency determined by the digital lock-in amplifier at the data
point nearest in time to .

The resulting amplitude change AA vs. delay time ¢4 and phase shift A¢ versus tq plots
were fit to sinusoids, and the best-fit phase shift was used to correct the raw phase shift data
acquired in the light-on pk-EFM dataset (Fig. 4A). The corrected phase shifts are plotted in
Fig. 4(A and C).

The tr-EFM data was processed with a filter bandwidth dependent on the fastest time con-
stant in the sample (fr.p; = 4kHz, fips = 15 kHz for the 20, 100 kW m~2 intensity data sets).
The resulting frequency-versus-time data was aligned relative to the start of the light pulse and
averaged (N = 32 to 384). The 100 kW m~2 tr-EFM data is shown in Fig. 7B. See Supplemen-

tary text 2 for more information.

Statistical analysis

Signal-averaged tr-EFM frequency shift versus time data and processed phase shift versus pulse
time data was fit to bi-exponentials using PyStan (54), a programming environment for Bayesian
modeling. In both cases, the data was modeled assuming that the frequency shift versus time
data was constant before the light pulse, and was characterized by a bi-exponential decay af-
terwards. The tr-EFM average frequency f and standard error o 7 at each time ¢ were used to

model the experimental data. The mean frequency shift f was modeled as normally distributed
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with standard deviation equal to the standard error. Using the notation y ~ N (u, o) to indicate

y is distributed normally (N) with mean y and standard deviation o, the tr-EFM model was

f[t] ~ N (fo,0¢[t]) t<0
Flt] ~ N(fo+ Afoo [r(1—e7™)+ (34)
(1—7r)(1- e_t/”)} ,orlt]) t>0,

where f[t], o[t] were the experimental mean frequency shift and standard error calculated from
signal-averaging N tr-EFM measurements. The model’s parameters were f, the cantilever fre-
quency before the pulse; A f, the steady state frequency shift caused by the photocapacitance;
r, the fraction of the steady state frequency shift attributed to the faster time constant; and 7,
and 7, the exponential time constants, with 7y < 7.

The pk-EFM model was more complicated, because more low-frequency phase noise en-
ters the measurement at longer pulse times. We captured this time-dependent phase noise by

modeling the phase noise standard deviation o[t as
0'¢[tp] = 0g + Ultp + 0'21512), (35)
with 0, 01, and o5 parameters. We modeled the observed A¢|[t,] using

poty] = Afoo [r {ty — 71 + Tle_tp/ﬁ} + (36)

(]. — 7") {tp — Ty + Tge_tp/TQ }]
lto] ~ N (polto], ooltp]), (37)

where 114(t;] is the integral of the frequency shift induced by the light pulse (Eqgs. 3 and 19).
For both models, weakly informative priors were chosen for Af.,, 7, and 75. A uniform
prior between 0 and 1 was used for the ratio . Noise parameters oy, 01, and o9 used implicit
flat priors. The parameter means, standard deviations, and 15, 50, 85 percentile best fit curves
in Fig. 4 were calculated using at least N = 6000 samples drawn from the posterior. See

Supplementary text 13 for more information.
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Fig. 1. Experimental overview. (A) The experimental setup and sample, a spin-coated
PFB:F8BT film on indium tin oxide. (B) The cantilever frequency shift J f depends paraboli-
cally on the tip voltage V;. The increased curvature of the d f vs. V; parabola under illumination
indicates a light-induced increase in tip-sample capacitance. (C) Photocapacitance charging
measured via the cantilever frequency and phase. Data demodulated with 3 dB bandwidth of
1.92kHz (blue) and 0.96 kHz (purple). (D) When the light is turned off, but the voltage is
still on, light-induced capacitance remains elevated for tens of seconds to minutes. The dashed
line shows the frequency shift before the start of the light pulse. Average of 100 traces shown,
each demodulated with 3 dB bandwidth 1.92kHz. Experimental parameters: tip-sample dis-
tance h = 250 nm; tip-sample voltage V; = 10 V; light intensity I, = 0.1 kW m~2 in (C) and
I, = 20kW m~2 in (D); light pulse time 50 ms in (C), 2.5 ms in (D).

Fig. 2. Using the pk-EFM experiment to measure a photocapacitance transient. For three
representative pulse times, we plot (A) cantilever amplitude; (B) cantilever drive voltage, turned
off at t = —10ms; (C) tip voltage, with the pulse time ¢,, indicated; (D) sample illumination
intensity, turned on at ¢ = 0; (E) sample capacitance; and (F) cantilever frequency shift. (G)
Timing of applied voltages and light pulses. The voltage and light turn off simultaneously at
t = t,. After a delay tq (typically 5 to 15ms), the cantilever drive voltage is turned back on.
Next we illustrate how the phase shift A¢ is calculated using the ¢, = 10.3 ms data. We process
the cantilever displacement data using a software lock-in amplifier. (H) The software lock-in
amplifier reference frequency changes at ¢ = ¢,. The software lock-in amplifier outputs (I)
the in-phase (solid), and out-of-phase (dashed) components of the cantilever displacement; (J)
cantilever amplitude; (K) frequency shift; and (L) phase shift. The total phase shift A¢ is equal
to the highlighted area under the cantilever frequency shift curve. (M) The voltage- and light-
induced phase shift A¢ is measured as a function of the pulse time ¢,. We show only every

other data point for clarity. The ¢, = 10.3 ms data point is denoted with a star. Experimental
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parameters: PFB:F8BT-on-ITO film, & = 250 nm, V; = 10V, I, = 0.3kW m~2, delay time
between pulses = 1.5s.

Fig. 3. Phase space and lock-in detector representation of the pk-EFM experiment. Top:
Sinusoidal cantilever displacement “signal” and square-wave “reference” oscillations versus
time, initially (left), under illumination (middle), and with the illumination removed (right).
Bottom: Evolution of the signal and reference oscillator as viewed in phase space (X = position,
Y = momentum) and at the outputs of a lock-in detector (X1 = in-phase channel, Y1 = out-of-
phase channel), at short time (middle) and at long time (right).

Fig. 4. Comparison of pk-EFM and tr-EFM signals (PFB:F8BT on ITO, h = 250 nm,
and V; = 10V). (A) pk-EFM phase shift versus pulse time data, collected at 100 kW m 2
intensity, overlaid with best-fit pk-EFM and tr-EFM phase shift curves. The control dataset
(green) shows the observed phase shift with the light off. The gray points show the control data
before correcting for the phase shift caused by the abrupt change in tip-sample voltage at the
end of the pulse. (B) tr-EFM frequency shift versus time data, overlaid with best-fit tr-EFM and
pk-EFM frequency shift curves. (C) Phase shift data collected across a range of light intensities.
The photocapacitance transient rises more quickly at higher light intensities. Solid curves are
a biexponential fit. The delay time between pulses was at least 87 ms. (D) Time constants for
biexponential fits of photocapacitance transients measured using pk-EFM and tr-EFM show a
consistent trend.

Fig. 5. Direct measurements are insensitive to fast sample dynamics. Inferring the charging
time via the cantilever frequency and phase (PFB:F8BT on ITO, i = 250 nm, V; = 10V). (A)
Cantilever tip voltage; (B) sample response function, with charging time constant 7; (C) lock-in
amplifier response function; (D) measured cantilever amplitude with modeled, best-fit response
for 7. = 0.1ns (orange) and 7. = 1000 ns (purple) (E) Fit residuals: 0.1 ns orange circles,

1000 ns purple squares. (F) Measured cantilever frequency; and (G) measured cantilever phase.
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Inferring the charging time directly from the cantilever displacement signal. (H) Cantilever tip
voltage; (I) Sample response function; (J) Cantilever displacement, with best-fit sinusoid from
the data before the voltage step (¢ < 0); (K) Change in cantilever displacement Azy induced
by the voltage pulse, along with best-fit responses for 7. = 10ns (orange) and 7. = 350ns
(purple). (L) Fit residuals: 10 ns orange circles, 350 ns purple squares.

Fig. 6. Experiments and simulations demonstrating subcycle time resolution in pk-EFM.
(A) Subcycle voltage-pulse control experiment (PFB:F8BT on ITO, h = 250 nm). A voltage
pulse of length ¢, is applied to the cantilever tip (top) at a delay of ¢4 relative to the cantilever
oscillation (middle) for 100 consecutive cantilever oscillations. (B) The pulses shift the can-
tilever amplitude by AA. (C) Measured frequency shift; and (D) phase shift, demodulated with
3 dB bandwidth 4.8 kHz (blue) and 1.5kHz (green). (E) The amplitude shift AA vs. delay
time tq for three representative pulse lengths. (F) The normalized response AAp,/t, ob-
tained by fitting data in (E) shows the cantilever wiring attenuating the response at short pulse
times. The gray line is a fit to a single-exponential cantilever charging transient. (G) Numeri-
cally simulated phase shift in microcycles vs. ¢, for a sample with a photocapacitance charging
time of 50 ns (blue), 10ns (green), and 2 ns (red). Solid lines are a fit to a single-exponential
risetime model. Simulations include detector noise, thermomechanical cantilever position fluc-
tuations, and sample-related frequency noise at levels comparable to those observed in the ex-
periments of Fig. 4 (Supplementary text 10). The simulated data assumed 1600 averages per
point (16s/pt = 1600 x (2 ms acq./pt + 8 ms delay/pt); total acquisition time = 30 minutes).
Fig. 7. Frequency noise and phase noise in tr-EFM and pk-EFM. (A) Cantilever position-
versus-time data is demodulated using a filter with varying bandwidths (Fig. S2). (B) top:
Fourier transform of the filters in (A); middle: experimental power spectral density of fre-
quency fluctuations (PFB:F8BT on ITO, V; = 0V, h = 250 nm); bottom: product of top and

middle traces, shaded to indicate that the mean-square frequency noise is the integral under
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this curve. (C) The cantilever phase (calculated by demodulation) is filtered to estimate the
phase difference A¢ acquired during the pulse. The filters during the before (t < 0) and after
(t > t,) periods are weighted least squares filters, with exponential weight time constants be-
fore 7, = 0.67 ms and after 7, = 1.2 ms (see supplementary text 3). (D) top: Fourier transform
of the filter function in (C); middle: experimental power spectral density of phase fluctuations
(PFB:F8BT on ITO, V; = 0V, h = 250 nm); bottom: product of top and middle traces, shaded

to indicate that the mean-square phase noise is the integral under this curve.
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FIG. S1. Fast clearing of remnant photocapacitance. (A) At time ¢ = 0 with the tip-sample voltage set to
Vi = 7V, alight pulse was sent to the sample (PFB:F8BT on ITO, see Methods; pulse duration = 900 us; pulse
intensity I, = 20 kW m~?). Thereafter, the tip voltage was cycled to 0V for 100 us and to 7V for 900 ps. The
dark line is the mean frequency shift for N = 64 averages, worked up using frp1 = 4kHz, fips = 15kHz
(see Fig. S2). The gray shaded region shows the 25th to 75th percentiles. The purple line shows the mean
frequency shift before the pulse, and indicates that the photocapacitance has recovered after 1 or 2 pulses of
100 ps duration with Vi = 0. (B) The same experiment is repeated with shorter duration waits at 0 V. After

the light pulse, the tip voltage is repeatedly cycled to 0V for 8.51s and 7V for 900 ps.

S1. TIP VOLTAGE PHOTOCAPACITANCE CLEARING

Figure 1D shows that with the light off and the tip voltage V; far from the the surface potential
¢, the photocapacitance decays very slowly. By turning off the light and pulsing the tip voltage
from 10V back to 0V, we show that remnant photocapacitance can be cleared in 10s to 100s of
microseconds (Fig. S1). For comparison, the data in Figure 4 of the manuscript was acquired with

a delay time > 87 ms.
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FIG. S2. Cantilever oscillation data workup protocol. (A) Cantilever displacement versus time data. (B)
Lock-in filter magnitude response and coefficients. (C) Real (solid) and imaginary (dashed) components
of the lock-in output. (D) Lock-in output processed into amplitude, phase, and frequency vs. time. At

t = —10ms, the cantilever drive voltage was turned off.

S2. DATA WORKUP DISCUSSION

The data workup procedure is outlined in Fig. S2. The variable-frequency lock-in amplifier

used a reference frequency reflecting the expected changes to the cantilever frequency caused by

4
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the changing tip voltage, fi, = fo — foC{(0)V;(t)?/(4ko). The resulting frequency difference is
shown in Fig. S2A (bottom).

The low-pass lock-in filter Hy, was constructed in the frequency domain, using a passband fre-
quency fp1, below which the filter response should be 1, and a stopband frequency fip2, above
which the frequency response should be 0. The frequency domain response was a Tukey window,
which tapers from 1 to 0 between the passband frequency fi,p1 and the stopband frequency fipo.
The resulting time domain filter of N = 16 f;/ fr.p1 coefficients (where f; is the sampling rate) was
multiplied by a Blackman window to produce the final filter coefficients. The filter’s 3 dB band-
width was approximately 1.92f;p1. The filter magnitude response and time domain coefficients
are shown in Fig. S2B.

The resulting complex lock-in signal z generated by the digital lock-in amplifier is
z|k] = Hy, * (z[k] exp(—2mifi,[k])), (S1)

where z is the cantilever displacement and the square brackets indicate that we work with an
array of discrete data points. The points have index £ = 1,2,3,..., N corresponding to times
t = kAt 4 tg, where At = 1yps is the sampling time (inverse of the National Instruments PCI-
6259’s sampling rate) and the initial time ¢ is an offset used to align the start of the light pulse to
t = 0. The asterisk (x) denotes a discrete convolution. From the signal z, we computed amplitude
Alk] = |z[k]|, phase ¢[k] = arg z[k], and frequency shift 6 f[k] = (¢[k + 1] — ¢[k —1]) /(4w At), where
the frequency shift is a central difference estimate of the derivative of ¢[k].

The signal-to-noise ratio of the pk-EFM measurement was sensitive to the chosen phase-
difference-filter time constant 7 (Fig. 7D). If 7 was too long, the estimated phase incorporated
too much low frequency sample-induced phase noise. If 7 was too short, the estimated phase
was unduly influenced by high-frequency detection noise. The large low-frequency phase noise,
Ps4s o 3 (Fig. 7E), made it important to choose a relatively short 7. The time constant was

chosen to be the inverse of the frequency f where

PESM(f) = PP (f) + P (f)- (S2)

S3. WEIGHTED BEST FIT INTERCEPT FILTER

We used a weighted least squares linear filter to estimate the phase of the cantilever at the start

and end of the light pulse in the pk-EFM experiment. The idea is that the cantilever phase near

5
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FIG. S3. Power spectral density of cantilever frequency fluctuations.

the start or end of the pulse is well-described by the following equations:

#(0) + f(0)¢ fort <0 (S3a)
t) =
" { P(tp) + f(tp)t  fort >ty (S3b)

with ¢ in units of cycles. Since fast dynamics may be occurring during the pulse time, we only use
data from ¢ < 0 to determine the starting phase ¢(0) and only use data from ¢ > ¢, to determine

the ending phase ¢(t,).

Both of these equations are of the form y = « + Sz. Values for the best-fit intercept o and
best-fit slope 3 were obtained by implementing a weighted least-squares fit using a time-domain
filter. For equally spaced x values, o and 3 can be obtained using a finite-impulse-response filter
[61]. For N points, we take the z-coordinates equal to 0,1,..., N — 1. For weighted least squares,

we can write the resulting coefficient vector 3 = (a 8)T as

B=(x"Wz) T Wy, (54)
where,
1 0 wo Yo
= 1 1 . W= b § , and y= y:1 : (S5)
1 N-1 WN-1 YN-1
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Then we can write the matrix multiplication as sums,

-1

N-1 N-1 N-1
>owe Y kwg > Wik
k=0 k=0 k=0
= S6
p N-1 Nobo N-1 (56)
> kwp Yo khwy > kwky
k=0 k=0 k=0
N-1
Call the sums in the left matrix s; = ) k/wy. Inverting the matrix, we have,
k=0
N-1
. o > Welk
2 —51 k=0
ST e &
I > kweyk
k=0
1 N-1 N—1 T
f=—" ( > wi(s2 —s1k)yk, > wi(sok — Sl)yk) : (S8)
8052 = 81 \ k=0 k=0

The slope’s filter coefficients Hg and intercept’s filter coefficients H, are just the portion of the

sum excluding y;. The filter coefficients are thus

Holk] = w22 =) o0~ 0, N~ 1and (S9)
5082 — §7
I _ (s0k —s1) .
glk] = wp———= fork=0,...N — L. (510)
S052 — 81

For our phase-difference filter we chose a time constant 7 and used exponential weights w;, =
e k/Us7) with N = round(5f,7). Figure 7(D and E) show the phase-difference filter coefficients
and response function. A different time constant was used to fit the ¢(¢ < 0) and ¢(t < t,) data

sets. Each time constant was chosen empirically, to maximize the signal-to-noise ratio.

S4. REFERENCE AMPLITUDE AND PHASE SHIFT

To correctly estimate the cantilever phase shift during the pulse, we had to account for the
phase shift caused by the abrupt change in tip-sample voltage at the end of the pulse. The
measured phase shift A¢ includes both the light-induced phase shift A¢y, and the phase shift
Ad¢ref resulting from the abrupt change in the cantilever voltage at the end of the cantilever pulse:
Ap = A¢p, + Agrer. First, the step change in V; creates a frequency shift according to the stan-
dard KPFM equation (Eq. 1). Equation 1 gives the cantilever frequency ignoring any additional
effects caused by abruptly changing the cantilever charge. We account for the KPFM frequency

and phase shift using a variable frequency lock-in amplifier (see Supplementary Discussion S2).
P & q y p pp y

7
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FIG. S4. Analysis of the amplitude and phase shifts imparted by the abrupt voltage step in the pk-EFM
experiment; data from a control dataset acquired at zero light intensity at a height 4 = 250 nm above a film
of PFB:F8BT on ITO. (A) The end of the tip voltage pulse occurs at time 74 relative to the cantilever oscilla-
tion cycle, with 74 = 0 defined as the time at which the cantilever reaches its maximum extension. (B) The
resulting amplitude and phase shifts caused by abruptly turning off the tip voltage. (C) The amplitude and
phase shifts for each pulse are plotted versus the delay time t4. The amplitude and phase shifts imparted by
the abrupt change at the end of the voltage pulse depend on 7y, as described by Egs. 21 and 22. Amplitude
best-fit parameters: Ay, = 2.06 £0.02nm, § = —136.6 0.7 deg., and A4y = 0.01 £ 0.02 nm. Phase best-fit
parameters: ¢max = 8.3 £ 0.1 mcyc, § = —137.9 £ 0.9deg., and Agpy = —1.3 £ 0.1 mcyc.

To account for the phase and amplitude shifts caused by the step change to the tip-sample
voltage, we use Egs. 21 and 22 to model the additional impulsive phase shift and amplitude shift
delivered by the end of the pulse. As shown in Fig. 54, we fit the control data to the equation

AAnod (td) = —Anax COS(27TfCtd + 9) + AAg (S11a)

A(ﬁrnod (td) = ¢max Sin(27rfctd + 9) + A¢07 (Sllb)

with fitting parameters A,,,x, the maximum amplitude; ¢p,ax, the maximum phase shift; §, a phase
offset accounting for the detector delay; A Ay, an amplitude offset; and ¢¢, a phase-shift offset. The

magnitudes of the amplitude and phase corrections are self-consistent. From Egs. 21 and 22, we
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FIG. S5. Comparison of single and biexponential fits to tr-EFM and pk-EFM data. (A-E) tr-EFM data
(purple points) fitted to single exponential (blue curve) and biexponential (green curve) frequency shift
models. (F-J) pk-EFM data (purple points) fitted to single exponential (blue curve) and biexponential (green
curve) frequency shift models. The purple data points are the average of two (F — H) or four (I-]) adjacent
pulse times. The blue and green regions show the 5th to 95th percentile of the single and biexponential
curve fits respectively, determined from N = 6000 MCMC samples. Experimental parameters: PFB:F8BT
on ITO, h = 250nm, and V; = 10 V.
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have
Admax = AAmax/Ao = 2.06 nm /40 nm = 8.2 mcyc, (512)

which is within the error bar of the measured value of A¢pax = 8.3 = 0.1 mcyc. The phase offsets
¢ from the amplitude and phase fits are also self-consistent. As the equations are defined, the two

phases ¢ should be strictly equal. The calculated best fit values for ¢ differ by 1.3 £ 1.1 deg.

S5. BIEXPONENTIAL CURVE FITS

Figure S5 compares single and biexponential curve fits to the data of Figure 4. Both models
adequately fit the 0.1 kW m™2 tr-EFM data (A). At all higher light intensities (B-E), the single
exponential model does not fit the tr-EFM data as well. In each case, the single exponential model
does not have enough degrees of freedom to capture both the initial rapid change in cantilever
frequency shift and the slow, extended movement towards equilibrium.

For the pk-EFM data, we plot the average cantilever frequency shift during the pulse (§f) =
A¢(tp)/t, to highlight the difference between the two models at short pulse times ¢,,. Both models
adequately fit the 0.1 kW m~2 pk-EFM data (Fig. S5F). The 0.3kW m~2 pk-EFM data (G) is col-
lected over a much shorter range of pulse times (0 to 10ms) than the 0.3kW m~2 tr-EFM data (B,
45 ms), so both models are still able to adequately capture the dynamics over this shorter period
of time. For the higher intensity pk-EFM data (H-]), the single exponential model misses the
short time dynamics as it did for the tr-EFM data. Overall, the pk-EFM data is consistent with the

tr-EFM data, and in both cases a single exponential model fits the data poorly.

S6. ALTERNATIVE EXPLANATIONS OF PHOTOCAPACITANCE DYNAMICS

At the highest light intensities (I, = 20kW m™2 and 100 kW m~2), the timescale of the fast
component of the sample dynamics starts to approach the cantilever’s characteristic timescale
wg ! = 2.6 ps (Fig. 4D). In this case, the effect of the forcing term b(t) o C{(¢) must be considered.
The situation is similar to the one considered in Equation 23, but the pulse time ¢, used in the
tr-EFM and pk-EFM experiments of Figure 4 is usually longer than a cantilever period. In this

case, the approximate additional cantilever position shift induced by the light pulse is

2.2
Wity _ 0Thy .
Azl (t > 0) =y, <1—Le t/T">——Coswt+wT sinwet) . S13
hu( ) v 1_|_ng)% 1_|_ng)%( (¢ clx c) ( )
shift in cantilever DC displacement oscillation at the cantilever frequency
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FIG. S6. Light-induced changes in cantilever displacement. (A) Signal-averaged displacement versus
time data from the I, = 100kW m~2 dataset. Best-fit parameters for the model of Equation S14: X, =
—22.551 £ 0.003nm, Yy = 34.687 +0.003nm, f; = 61840.51 +0.01 Hz, and ) = 22000 £ 200. (B) Light-
induced changes in displacement for the I;,, = 100kW m~2 and 20 kW m~? intensity tr-EFM experiments.
The voltage-induced position shift from Figure 5K is plotted for comparison (scaled and offset: we plot
0.05Azy (t) — 0.2nm). The dashed lines show the evolution of the DC cantilever displacement (first term
of Eq. 513). The green curve shows the best-fit parameters for the model of Equation S16: 7, = 69 & 2 s,
to = 6.6 £0.4ps, 0xp, =1.16+£0.01nm, X; = —4.3+0.1nm, ¥; = 0.3+ 0.7nm, and 757 = 18 £ 4 ps.

The first term is just the expected DC cantilever deflection resulting from a change in tip-sample
force F. This term is filtered out by the lock-in amplifier filter when we measure cantilever
amplitude or phase. The second term shows that the force induces an oscillation at the can-
tilever frequency with amplitude Ax = dzp,/+/1 + w272 For the cantilever frequency, we use
we = wo + ow(t = 0). We use 7y to allow for the possibility that the time constant associated with
the forcing term may be different than the time constant(s) associated with the force gradient term

(Ag(t) and 5 f(t) o CV).
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To assess the size of this short-time effect, we examine the 100 kW m~? signal-averaged tr-EFM
data set in the time domain (Figure S6A). To see the effect of the light pulse on the cantilever
motion at very short times, we fit the cantilever data before the light was turned on, when the can-
tilever was oscillating at a fixed frequency with a slowly decaying amplitude to a damped sinu-
soid (zpuo). The residuals have a standard deviation of 21 pm. If the light had no effect on the
tip-sample force, we would expect the cantilever to continue oscillating at its resonance frequency
with a slowly decaying amplitude as described by the fit from ¢ < 0. To isolate the effect of the
light, Figure S6B plots the difference between the measured cantilever displacement z(¢) and the
expected cantilever motion zpno(t). This light-induced displacement Axy, (t) = z(t) — zpuo(t)
reflects changes to both the force b(t) on the cantilever and the cantilever’s resonance frequency
(Equation 1). The effect of the forcing term b(t) is purely additive (Equation 12), so we can esti-
mate the rise time of the C’ term and the change in displacement dz, directly from Figure S6B.
For the 100 kW m~2 dataset, we find a dz5, = 1.16 £ 0.02nm position shift induced by the light
with a time constant 7, = 69 & 4ps (20 uncertainties). The corresponding induced oscillation
amplitude is Ay = 43pm. The induced oscillation is almost exactly 90 degrees out of phase
with the cantilever motion, so the total phase shift caused by the neglected b(t) dynamics is
Agy = Ax/Ay) = 0.17 £ 0.01 mcyc, where Ag = 41.4nm is the amplitude of the cantilever oscil-
lation at ¢ = 0 (Figure S6A, see Equation 22). This phase shift is insignificant compared to the
phase shift induced by the cantilever frequency shift (Fig. 4A).

In summary, the model derived from the pk-EFM theory fits the cantilever’s short time
dynamics well (data analysis described below in section S7). At 100 kW m~2, the surface potential
measured at long times shifted by A®;,, = +440mV. On its own, this would correspond to a can-
tilever frequency shift of Af = 15Hz; in contrast, the total measured frequency shift, including
contributions from both shifts in tip-sample capacitance and surface potential was —41 Hz. The
experiments here do not preclude a shift in surface potential contributing to the measured position
and frequency shift. However, the data of Figure S6B does make it unlikely that the fast dynamics
are wholly explained by surface potential shifts. Since there is no evidence of a positive frequency
shift Af in Figure S5 or a negative position shift Az, (t) in S6, the transient surface potential
shift would either have to be negative (compared to positive at long times), or always masked by

a larger negative frequency shift induced by the change in photocapacitance.
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S7. TIME DOMAIN CANTILEVER OSCILLATION FITS

See section S6 for the motivation of this model. We fit the signal-averaged position data from

t = —1.5ms to t = 0 to a damped, variable frequency sinusoid:
oo (t: Xo, Yo, f1, Q) = ¢ ™19 (Xo cos(2 f1t) + Yo sin(2n fot)) (S14)

The fit parameters are the cantilever phase factors Xy, Yy, frequency f1, and quality factor (). While
this is a good model of the cantilever motion, it neglects the non-linearity of our interferometer
position detector. To account for this non-linearity (see supplementary text S8, Fig. S7), we per-
formed a linear, least-squares fit of the residuals rpro(t) = x(t) — pno(¢) to the equation

5
Srarm. (¢, f1; X0, Yn) = Z(Xn cos(2mn fit) + Yy, sin(2mn fit)). (S15)

n=2
The fit parameters were the weights X5,Y5... X5,Y5. This fit removes the components of the
residuals at the second through fifth harmonics of the cantilever frequency which are phase-locked
to the cantilever oscillation (see Fig. S7). The frequency f; was fixed equal to the value determined
from the fit of Equation S14. The resulting light-induced displacement Az, (t) = x(t) — zpuo(t) —
frarm. (t) are plotted in Figure S6B.

The light-induced displacement was fit to the equation
ft' =t —to,we; T, 0Ty, to, X1, Y1, T5f) = Aa:fl,(t/) + [ X1 cos(wet) + Y7 sin(w.t)] Ap(t, 7s5) (S16)

where the fit parameters were the rise time 7y of the light-induced change in ’, the light-induced
change in DC displacement zy,, the time at which the light pulse began ¢, phase factors X;,Y7,
and the timescale of changes to the cantilever frequency 757 (the usual 7 found from the data of
Figure 4). The phase shift A¢ was the single exponential rise time phase shift from Equation 19,
with ¢, =t — to. The magnitude of the phase shift is determined by the size of X;,Y; compared to
Xo, Yp from the fit of Equation S14. The cantilever frequency w. was fixed equal to 27 f;, with f;
determined from Equation S14.

The time-domain fits in Figure 5]-L are carried out in the same way. In this case, however,
the contribution of the photodetector high pass filter response time Typ = wpp = 530 s is sig-
nificant. The high pass filter’s step response to an input of magnitude dxy,, is approximated by
6y exp(—t'/Tp), so the slow decay of the DC component of Az!" is approximated by subtracting

dxp,t' /530 ps. This is a good approximation when 7, < 7p and ¢’ > 37.
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FIG. S7. Cantilever position power spectral density during tr-EFM. Power spectra calculated from signal-
averaged 100 kW m~?2 tr-EFM position vs. time data (N = 784, see data in Fig. 4 and S5E). The before light
pulse curve (blue) uses data from ¢t = —50ms to 0. The during light pulse curve (green) uses data from
t = 0 to 1.75ms. The dotted lines show the harmonics of the cantilever’s first resonance frequency (fo =
62000 Hz). The shaded yellow region shows where the cantilever’s second resonance frequency would

be (24 = 6.27f,, from Euler-Bernoulli beam theory). Both spectral densities were calculated using a

res.

Blackman window. Experimental parameters: PFB:F8BT on ITO, h = 250 nm, and V; = 10 V.

S8. HIGHER CANTILEVER EIGENMODES

Figure S7 shows that even at the highest light intensity, we do not excite higher cantilever
resonances. The peaks at harmonics of the cantilever’s first resonance frequency appear because
we detect motion with an interferometer, so we detect 02 eas(t) X Vphotodetector < sin (47r[a:0 +
6z(t)]/X), where z is the distance between the fiber and cantilever with no drive or tip-sample
voltage, oz is the cantilever’s displacement, and A = 1488 nm is the interferometer wavelength.
The sine term gives rise to odd harmonics of the cantilever frequency in the position spectrum
(sinz = z — 2%/3! + 2°/5! + ...). Since 47z /) is not exactly a multiple of =, there is also a small
cosine term which gives rise to even harmonics of the cantilever frequency. The roll-off of the

measured displacement noise is caused by our photodetector’s 200 kHz bandwidth.

The voltage step at the end of the light pulse does not excite the cantilever’s higher resonance
modes either, as shown in Figure S8. We also see no evidence that the cantilever’s higher resonance

modes are appreciably excited by the 50 to 800 ns voltage pulses applied during the experiments
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FIG. S8. Cantilever position power spectral density during pk-EFM. Power spectral density calculated
from the 20 kW m~2 pk-EFM position vs. time data (see data in Fig. 4 and S5I). The power spectral density
was calculated from the shortest pulse time dataset (¢, = 0.8 us). The before t;, curve (blue) uses data from
t = —50ms to t, = 0.8 us. The after t, curve (green) uses data from ¢t = ¢, = 0.8 s to ¢, + 2ms = 2.0008 ms,
when the cantilever could conceivably be excited at a higher resonance mode. The dotted lines show the
harmonics of the cantilever’s first resonance frequency f, = 62000 Hz. The shaded yellow region shows

= 6.27fy, from Euler-Bernoulli beam

TEeS.

where the cantilever’s second resonance frequency would be (204
theory). Both spectral densities were calculated using a Blackman window. Experimental parameters:

PFB:F8BT on ITO, i = 250 nm, and V; = 10 V.

of Figure 6A-F. Even if higher resonance modes were excited a small amount, the digital lock-in
amplifier filters used in the data workup strongly reject frequencies more than a few kilohertz
from the cantilever’s first resonance frequency. Figure S2 shows that 10 kHz away from the can-
tilever resonance frequency, the lock-in amplifier filter transfer function’s magnitude response is

—120dB = 1076.

S9. PHOTOTHERMAL EFFECTS

We rule out cantilever heating because with the light on, we find no significant change in the
cantilever’s resonance frequency fj.

Next we consider sample heating. The sample is a thin PFB:F8BT layer (~ 100nm) on a thin
indium tin oxide (ITO) layer (~ 700 nm) on a thick glass substrate (1.1 mm). An upper limit for the
temperature change AT is obtained by neglecting the relatively high thermal conductivity ITO
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layer and assuming that all of the incident light is absorbed in the PFB:F8BT layer. We assume
the PFB:F8BT layer can be approximated as constant temperature, and solve for the steady-state
temperature increase by considering the diffusion of heat into the glass substrate, which we treat

as semi-infinite. Cahill gives the steady-state temperature increase in Equation 11 of Ref. 62:

AT, (S17)

_ Phr/
2/mwol’

At the highest light intensity (I, = 100 kW m™2), the laser power P, = 3mW. At the sample
surface, the beam shape is elliptical with 330 pm and 120 pm major and minor axes (diameters).

We approximate the beam radius wo by considering a circular beam of equivalent area: wo =

/120 pm x 330 um/4 = 100 pm. We take the thermal conductivity A of the glass substrate to
be 1.0Wm ™t K~1. In this case, the DC temperature rise ATy = 8.5K. This analysis is broadly
consistent with the calculation performed by Luria and coworkers in Supplementary Note 5 of

Ref. 63.

Even this temperature change is small, given the large tip-sample separation (h = 250 nm). The
temperature change for our 1.5 ms and shorter light pulses is even smaller. The frequency weas at

which the system reaches the steady-steady temperature calculated above is

A

i S18
e (518)

Wheat =

where Cp = 840 Jkg~! K and p = 840 kg m ™~ are the specific heat capacity and density of the glass
substrate respectively. The corresponding timescale is w; . = 20 ms, significantly longer than the

pulse time ¢, ~ 1 ms. The temperature change in this limit is given by Cahill’s Eq. 13:

Phl/

AT = ————.
Twiv/wA Cp p

(S19)

Evaluating this equation at w = (1.5ms) ™!, we find a temperature change of only 2.1 K.
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S$10. NUMERICAL SIMULATIONS

The numerical simulations shown in Fig. 6D were performed for the following system of ordi-

nary differential equations:

=0 (520)
b= —wir — Ry G (1+a )2+C—‘7(1+a )x2+Fn(t) (S21)
0 Q 2mC? hw )t 2mC? ho ) T4 m
ds ~—1 1
— 22
g RtC ( )+thlq1 (522)
. qt ~—1 1 1 o Vt(t)
= — (= - = 2
q1 RtC (z) ( or t thl) e (523)
1 I (t
Gy = ——0my hT( ) (S24)
b = pu(t). (S25)

The state vector variables were cantilever displacement z, cantilever velocity v, cantilever tip
charge ¢, cabling charge ¢y, fractional change in photocapacitance «;,, and surface potential ¢.
The cantilever parameters were mass m = 46 ng, spring constant £y = 7 N/m, resonance frequency
wo = \/ko/m = 21 x 62kHz and quality factor Q = 2.7 x 10. In writing these equations the tip-

sample capacitance C(z) was linearized as follows:

1
C(x) = Cy + C{(1 + apy)r + §Ct”(1 + ah,,)atQ (526)
_ 4 Ol 4 ap)r CF(1+ apy)z?
1 — 1 t 4 t v 77

The linearized tip-sample capacitance and its derivatives were C; = 0.01pF, Cf = 1.14 x 107*
pFum™?, and Cf = 6.72 x 10~*pFpum~2. The other circuit elements were the tip resistance
R =100, cabling resistance R; = 3 (2, cabling capacitance C; = 10 pF, and the input tip voltage
Vi(t) (10V during the pulse, as in Fig. 2). The light “intensity” was Ij, = 0.4 for ¢ > 0, corre-
sponding to a total change in capacitance of 40 percent for ¢t > 7. Simulations were performed
for photocapacitance rise times 75 = 2ns, 10ns and 50 ns.

The inputs F;(t) and ¢, (t) account for thermal and surface-potential noise. Both noise terms
are approximated using a piecewise function with Gaussian, randomly distributed values. The
force noise function F;(t) takes a new random value every Aty = 16 ps. The surface potential

noise function ¢,(t) takes a new random value every At, = 10us. The variance of the Gaussian
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FIG. S9. Power spectral density of cantilever thermomechanical position fluctuations. The displayed
data was calculated by signal-averaging 32 power spectra each calculated from 5s of interferometer dis-

placement data (sampling rate 1 MHz).

random numbers used to mimic the force noise was

o _ _koksT
B rQ foAty

with T' = 293 K the temperature and fy = 62kHz the cantilever frequency. The standard deviation
of the potential fluctuations was taken to be o, = 10pV ps™!. The experimental power spectral
density of cantilever frequency fluctuations had a 1/f character at low offset frequency f. Such
1/ f noise is difficult to implement in a numerical simulation. The slowly varying potential pro-
duced low-frequency f. noise having a Py, o« 1/f? power spectrum and a variance approximately
equal to that of the low-frequency f. fluctuations seen experimentally (Fig. S3).

Simulations were performed with the Julia language package ODE, using a variable time step,

stiff solver to handle the wide range of timescales present in the system.

S11. CANTILEVER CHARACTERIZATION

Figure S9 shows the power spectral density of cantilever position fluctuations. The extracted
parameters are the cantilever frequency fo = 61999.54 £ 0.03Hz, cantilever spring constant
ko = 6.9 £ 0.2Nm™!, quality factor Q@ = 28000 % 1000, and detector noise floor Pye; = 0.237 £
0.002 pm? Hz 1.
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FIG. S10. Block diagram showing the experimental setup and timing circuitry.

S12. EXPERIMENTAL TIMING

The start of the light pulse was triggered at a consistent point in the cantilever oscillation,
and step changes to the cantilever tip voltage and drive signal were also precisely timed [27]. The
circuit and instruments used to control this timing are shown in Fig. S10. The photodetector output
(upper left) was the cantilever displacement signal. The PLLPro2 generated the cantilever drive
voltage and also output a 1V, phase-shifted sine wave copy of the cantilever oscillation, generated
by an internal lock-in amplifier coupled to the phase-locked loop (Arb. ¢ out on diagram). A
homebuilt gated cantilever clock circuit converted this 1V phase-shifted sine wave to a square
wave, which was used as a clock for timing tip voltage and light pulses. A 5V digital signal output
by the National Instruments PCI-6259 gates the clock, controlling the start of the experiment.

The BNC565 was used to trigger all signals relative to the cantilever clock. The 50 ms delay
between the setting of the cantilever tip voltage to 10 V and the start of the light pulse was coded
as an N = 3100 cyc delay in the BNC565. The pulse lengths, times, and adjustable voltage output
levels (for the tip-sample voltage, visible light laser external modulation input) for the BNC565

were programmed using GPIB in LabView.
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FIG. S11. Photocurrent delay and rise time. At ¢t = 0, the voltage pulse which controls the light intensity
is sent from the BNC565 digital delay generator to the LDC202 external modulation input that controls the
laser current (see Figure 510). The curves show the delay and rise time of the 405 nm laser, which is mainly
limited by the 200 kHz bandwidth of the LDC202. The gray lines indicate the 0 to 100 percent rise time at
100kW m~2 intensity. At these light intensities, the delay is less than 5 ps and the rise time less than 3 ps.

The gated cantilever clock circuit used an AD790 comparator, with 55 mV of hysteresis added
to prevent unwanted oscillations, to convert the sine wave to a square wave clock signal. The
square wave was input to the latch enable pin (LE) of a transparent D-type latch (CD74HC563E)
and a NOR gate (CD4001BE). The output (Q) is transparent to the input when the latch enable
is high. The digital PCI-6259 signal was sent to a data pin of the latch. The latch prevented a
partial pulse (not phase locked to the cantilever oscillation) from being triggered when the PCI-

6259 output went high while the cantilever clock was also high.

To verify that the measured photocapacitance rise times were caused by the sample, and were
not an artifact, we measured or estimated the rise times of the laser and the cabling carrying
voltage to the cantilever tip. The laser rise time, with the same settings used in the experiment,
was verified using a high-speed photodetector (Thorlabs DET02AFC) and measuring the detector
voltage drop through a 50 € terminating resistor on a 70 MHz bandwidth oscilloscope. The results
for 30 and 100 kW m~2 estimated intensity are shown in Fig. S11. The rise time was < 3 ps, con-
sistent with the current source’s stated 200 kHz bandwidth, and much faster than the 40 ps (and

slower) rise times observed in the sample.
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FIG. S12. Additional comparison of pk-EFM and tr-EFM steady-state photocapacitance (PFB:FSBT on
ITO, h = 250nm). (A) Steady state photocapacitance versus light intensity. (B) Fraction of the total steady

state capacitance associated with the faster time constant. See time constants 7; and 7, in Fig. 4D.

The tip charge rise time was more difficult to measure independently. The applied voltage
traveled through 3.5 m of 19-wire cable and 2 m of 36 AWG wire before reaching the cantilever tip.
The total tip voltage cabling capacitance was ~ 1.3 nF. The BNC565 pulse generator had a current
drive ability of 120mA and a 502 output impedance. The output impedance and the cabling
capacitor form a low-pass filter with an estimated cutoff frequency of 2.4 MHz and the BNC565
current drive capability limited slew rates to 90 V ps™!. By applying short duration tip voltages to

the cantilever (Fig. 6D), we determined a tip charge rise time of 35 ns.

S13. CURVE FITTING USING PYSTAN

20,000 posterior samples were used for analysis. These samples were generated as 4 indepen-
dent chains of 5000 samples each. The potential chain reduction statistic (< 1.01 for all parameters)
and trace plots (Fig. S13) were used to discern convergence [64]. Kernel density estimates were

calculated using seaborn [65].
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FIG. S13. PyStan sampling traces. Traces showing parameter values for PyStan samples of posterior dis-

tributions from the 20kW m~2 pk-EFM dataset. Samples from each chain (4 of 5000 samples each) are

arranged sequentially.
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FIG. S14. pk-EFM posterior distribution samples. Pair plots illustrating the posterior distribution and
correlations between parameters from the 20 kW m~2 pk-EFM dataset, estimated using N = 20000 sam-
ples. On the diagonal, a kernel density estimator (blue) shows the posterior distribution along with prior
distribution (green). Parameter correlations are shown by plotting the samples (above diagonal) and using

a 2D kernel-density estimator (below diagonal). The time constant 7 is in units of milliseconds.
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FIG. S15. tr-EFM posterior distribution samples. Pair plots illustrating the posterior distribution and cor-

relations between parameters from the 20 kW m~?2 tr-EFM dataset, estimated using N = 6000 samples. On

the diagonal, a kernel density estimator (blue) shows the posterior distribution along with prior distribu-

tion (green). Parameter correlations are shown by plotting the samples (above diagonal) and using a 2D

kernel-density estimator (below diagonal). The time constant 7 is in units of milliseconds.
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