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Intensity-Modulated Spectroscopy on Loaded Organic Photovoltaic Cells
K. Adhitya, A. Alsulami, A. Buckley, Richard C. Tozer, Senior MembEEE, M. Grell

Abstract—We configured a generic digital lock-in amplifier as a
light intensity-modulated spectrometer for photovoltaic (PV) cells
for intensity-modulated spectroscopy (IMS) up to 250 kHz. We
performed IMS on a state-of-the-art bulk heterojunction (BHJ)
organic PV (OPV) cel and introduced a new mode of IMS
wherein PV cells work under finite load, including maximum
power point (MPP). Quantitative analysis supported by
equivalent circuit ssimulations establishes M PP-IM S as favour able
alternative to the commonly used intensity-modulated
photovoltage/ photocurrent spectroscopy (IMVS/IMPS) modes.
Using IM S under finiteload, we identify a high frequency feature
that isinvisible in both IMPS and IMVS. The feature is ageing-
related and becomes more prominent after long-term storage. We
propose an extended equivalent circuit mode that locates the
origin of this feature at the BHJ itsef, and link it to diffusion of
indium ions etched from the transparent electrode by the hole
extracting PEDOT:PSS. Finally, we introduce a method to
determine BHJ capacitance by IM S without absolute calibration
of light intensity.

Index  Terms—Bulk  heterojunction, intensity-modulated
spectroscopy, maximum power point, organic photovoltaics,
PEDOT:PSS.

. INTRODUCTION

A General

B. Impedance- and Conventional Intensity Modulated-
Spectroscopies (IMPS, IMVS)

Electrical impedance spectroscopy (EIS) is a widely
established tool for the study of electrical networks and
electrochemical systems under dynamic stimulus, and has
been applied to assess dynamic processes, stability and
degradation mechanisms in the different constituent layers of
solar cells, e.g. by fitting measured impedance spectra to
equivalent circuits, or drift/diffusion models [2-4]. However,
since solar cells by design convert a light input into an
electrical output, they are susceptible to an alternative, light-
driven spectroscopy to study the dynamics of their internal
processes, known as intensity-modulated spectroscopy (IMS).
Typically, a fast LED is modulated to emit a light intendity
+ AL sin wt, AL < L, that is projected onto a PV cell, and
amplitude and phase of the cell’s electrical response are
recorded as a function of modulation frequency. IMS has been
applied to various types of solar cells, including OPVs, dye-
sensitised solar cells (DSSCs), and CdTe/CdS cells [1, 5-10].
Two modes of IMS are established in the literature, namely
intensity- modulated photovoltage spectroscopy (IMPV) [8,
9], which records the frequency dependent modulation of a
solar cell’s open-circuit voltage (¢c) under modulated L, and
intensity-modulated photocurrent spectroscopy (IMPS) [1,5-
7], recording the frequency dependent modulation of a solar

MERGING photovoltaic (PV) cell technologies have to pecell’s short-circuit current (c). IMPS is more common, as for

operationally stable to transition from labtta ‘heroes’

moderate or high L (including AM 1.5), o¥ is near-

to commercially viable devices. In the case of bulkndependent of L, whilest is proportional to L. Frequency
heterojunction (BHJ) organic photovoltaic (OPV) devicesdependency of the amplitude and phase of the PV cell’s
stability is controlled by a number of internal and externdtlectrical response may be presented in Bode and/or Nyquist
factors: Internally, the electrochemical stability of the dond?lots, like in EIS, albeit an IMS Nyquist plot does not display
and acceptor materials and the chemical stability of tH€ctric impedance. Instead, it may show real and imaginary
electrode materials are key. Externally, the ability of cosRart of4V (Re AV /Im AV, in Volts) for IMVS, or4l (in A)
efficient transparent encapsulation layers to prevent ingress8f IMPS when4L is hot known m_labsolute terms, or of
water and oxygen is essential. Also, excluding oxygen art{”4L or AVAL (in Vm"W™, or AnTW™) whenAL is known
water during manufacture is critical, which is emphaticallPSolutely.
demonstrated e.g. by the work of Luther et al. [1], wherein
devices were purposefully exposed to oxygen during C. Intensity Modulated Spectroscopy Under Finite Load
manufacture, with significant impact on their performance.

Common DC electrical characterisation under AM 1.5 Practically, solar cells operate neither under open circuit
ilumination establishes a number of performance parametefSnfinite’ load resistor, R nor short circuit (zero R
and their decay with operational lifetime. However, it can najonditions, but under an electric loagpR with 0 < Rypp <
fully discern the nature of degradation mechanisms in complexfinity that tunes the cell to its maximum power point
device architectures. For detailed understanding of a cell’s  voltage, \jpp. Fig. 1 illustrates that IMS can be conducted on
internal processes, and clues towards degradation mechanisgefis under a finite load, R
it is often helpful to study a solar cells’ response to a dynamic
(AC) stimulus.

K. Adhitya, A. Alsulami, A. Buckley and M. Grell are witth& Department of Physics
and Astronomy, The University of Sheffield, Hounsfield Road ff#&ieé S3 7RH, UK
(K. Adhitya e-nail : phpO8ka@sheffield.ac.yk

R. C. Tozer is with The Department of Electronic & Eleetriengineering, The
University of Sheffield, Mappin Street, Sheffield S1 3JD, UK.
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A commercial instrument for IMPS is available from
Zahner [13], and impedance analysers can be adapted to work
L L as IMPS instruments, e.g. [5]. Here, we have developed an
alternative, far more affordable and portable intensity
Fig. 1. (a) Schematic setup for IMS, Represents an external load. modulation instrument that can perform IMS at any point of a
(b) DC Current/Voltage (I/V) characteristic of a PV cell under thregolar cell’s I/V characteristic. We built our system (Fig. 2(a))
different Ii_ght intensities (L (blue); - AL (green); and. + 4L (red)).  5round the digital Anfatec USB 250 Lock-In amplifier [14],
The load line for external load R shown in black. otherwise using only a PC with LabView software, and
electronic small parts. Sinusoidal light intensity modulation is
Schematic DC I/V characteristics of a given solar cell undgscilitated from the lockn’s reference voltage output. A
different ||ght intensities in the order AM 1.5 are illustrated irbespoke Vo|tage adder Circui'[7 based on fast 2N2369 NPN
Fig. 1(b). kc increases in proportion to light intensityoMs  transistors, is used to add a DC bias to the AC reference
near constant. The load resistor iR represented by a load gutput. (Fig. 2b).
line. The intersection of the load line with the I/V
characteristic gives the resulting DC voltage V of a solar ce

illuminated by a particular light intensity, and loaded with R L Geidhf RiED (EG
We will call this Vthe ‘voltage point’ for R. Under light il R v ol | i AR
intensity modulationt AL, V will be modulated byt AV. In edlont 120
the limit of low frequencydV can be read graphically by the |T:> U=LxAL
intersections of the same load line with the I/V characteristic o Ret o

for L = AL, as shown in Fig. 1(b). At higher modulation %7_ wﬁ%w

frequencies, the amplitude of? will drop, and display a ey S -

phase ¢) with respect todL, leading to an IMS spectrum at |'0‘

R.. Fig 1(b) reveals a weakness of both IMV$ (R infinity: agrpuiter Sutyilicl e

Load line parallel tov axis) and IMPS (R— 0: Load line Results Display

parallel to | axis): In both cases the measured voltag<

modulation tends to zero even for low frequency, leading to @

difficulties in practical measurement. For IMPS, this has to be
overcome by measuring current instead of voltage, using| Vreflou
currentto-voltage (I/V) converter. However, when, Rs
chosen similar to Bp, we find a finite 4V without I/V
converter.

We here configure a generic digital lock-in as a bespol
IMS spectrometer, and introduce a new mode of IMS differe
from both the established IMVS and IMPS, by applying
intensity-modulated light to OPV cells that are externall o
loaded with finite R including Rpp. We rationalise our
results by comparison to simulations on a generic equivale
circuit model, and identify working near MPP as the optimur
mode of IMS. We use IMS under finite load to study thi
ageing of stored OPV cells, and find an ageing-related hi
frequency feature that is invisible in both IMPS and IMVS
We can model the observed feature by extending the generic (b)
equivalent circuit at the BHJ capacitance branch. We link the
ageing-related feature to prior reports on the chemical etchipgy > (a) Block diagram of our IMS measurement setup, showing the
of ITO contacts by the acidic PSS dopant of the PEDOT:P$ running a LabView routine controlling the USB lock-in, a circuit
hole extraction layer, and subsequent diffusion of indium ionsiving a fast red LED by adding a DC offset voltage to the AC

[11, 12]. Finally, we establish a method to determine BHdodulation voltage taken from the loaks reference output, the
solar cell with its terminals connected via a variable logdaRd the
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voltage across the load fed into the laaks measurement input. (b)

equivalent circuit models, we used LT SPICE software version

Circuit scheme of the DC + AC adder circuit, that adds a DC bias f¢ from Linear Technology [17]. We customised the

reference output is represented by a voltage source, top left.

the AC lock-in reference output to drive the LED. The Iock-i%

(right). The level of DC bias is set by a potentiometer. The LED (D
is highlighted. As a performance test of the DC + AC adder, we fi

voltage supply is from 2 x 9 V batteries stabilised by capacito 5;

the DC + AC signal directly into the lock-in measurement input, and

found no measurable drop in AC amplitude, and less thahddded
phase, up to 250 kHz.

Resulting DC + AC voltage is applied to a fast red LED (RC-

LED, 650 nm) protected by a serial resistd 120 Q. The

levels of DC voltage bias, and AC voltage modulatior,

amplitude, are chosen so that the LED drive current is giv
by lep = (18 + 4) mA. The resulting light intensify+ AL is
not known in absolute terms, but it is significantly smaller th
AM 1.5. However, L ~ |kp, hencedL/L = Al/I. A bespoke
LabView routine sets the lock-in reference output frequency]e

values between 1 Hz and 250 kHz in 12 steps per deca §

while the voltage dropg” + AV(w) sin(wt+¢p(w)) across Ris
fed into the lock-in voltage measurement input, without pre

[ll. RESULTS ANDDISCUSSION

roperties of rectifying diodes used in equivalent circuits, in
rticular we selected a much reduced saturation (reverse bias)
rrent, in the order pA rather than nA as found in stock
organic) diodes.

A Intensity-Modulated Spectra Taken Under Finite Load

Fig. 3(a) shows the family of measured IMS spectra as
quist plotswhen R is set to a range of different values,
iving load lines with different slope, hence different voltage
oints. Variation of R sweeps out the DC I/V characteristic
om voltage point V close to 0 (short circuit, Rear zero), to

V close to ¢ (R, — infinity). Fig. 3(b) shows 3 of the curves
m 3(a) (near open circuit, near short circuit, near MPP) on a
rmalised scale to compare their shape.

amplifier or currento-voltage converter. Amplitude and phase
of voltage modulatiordV are recorded as function of =
/2m. Additionally, we ran IMS measurements with a variety
of added external load capacitorg i€ the order InF parallel
to R, cf. table | The LED drive current modulation was
reduced to 1 mA with unchanged 18 mA DC bias. Ratht
than recording full IM spectra, we manually tuned modulatio
frequency until phase equalled5®; this frequency is known
as ‘corner frequency’, f.. We also recorded modulation
amplitude at 45° and compared to modulation amplitude in
the low frequency limit.

B. Organic Solar Cell Preparation and Characterisation

We here studied a stapé-the-art BHJ OPV cell using as

5

—0

5

its active layer a blend of a low bandgap hole transportir
semiconducting polymer, abbreviated PFDT2BT-8 (inset 1{
Fig. S1, supplementary information), and an electrg
accepting & derivative, with a PEDOT:PSS hole extracting
layer. The synthesis of PFDT2BT-8 is described in [15
Active device area wa®.86 mni, small enough to be
illuminated entirely by the bright spot of our LEDetails of
cell manufacture, characterisation, and selection of suital
cells are described in our supplementary information. In brie
the performance characteristics OPV ‘pixel’ used here were
jsc = -10.7 mAcn¥, Voc = 902 mV, maximum power point at
Vwep = 680 mV, and maximum power densityysR 6.2
mWecm?, shunt resistancesR= 70 kQ, and serial resistance Rg

= 520 Q under AM 1.5 illumination. However, performance

parameters were significantly different under the much less

intense illumination by our red LED driven at 18 mA, namel
jsc=-0.51 mAcn?, Voc = 800 mV, \jpp= 650 mV, and Rep
= 270 pWem?, Ry = 350 kQ and R = 6.4 kQ. For the

S

simulation of impedance spectra of loaded OPV cells b¥MVS’) to near-short circuit (low R, ‘IMPS”). Spectra are labelled
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pectra taken at different Ranging from near-open circuit (high,R



by their voltage points, V, shown in the panel on the rigtherahan - 16000
R.. LED was driven by (18 £ 4) mA. Note Re / Im axis use differen " * _—
scales. (b) Normalised Nyquist plots of Fig. 4a taken at near-op b ’ _
circuit voltage point (0.8 V, R= 476 kQ), near maximum power il o* ¢ s
point (0.505 V, R = 36.6 kQ) and near-short circuit voltage point _’E s0 = °. 10000 =
(0.1 V, R = 6.8 kQ). Direction of increasing frequency is given by £ a0 8000 ":E
the blue arrow. In all plotsRe 47 is normalized to its value in the % @ o000 B
limit of f — 0 Hz, whilst Im AV is normalized to its minimum 3 * £
magnitude. P & ® fooe 5
10 ® . * & 2000

* e e
For all settings of R the general shape of our IMS Nyquist R M B B e e =
plots is dominated by a semicircle (or, semi-ellipse- note tt i
scales on Re / Im axis differ) in thé" 4uadrant of the
complex plane. Howevethe characteristic parameters of the o ) )
semicircles change with_Rand there is a ‘shoulder’ feature at Fig. 4. The charactt_erlstlc parameters O_f th_e domlnant. Nyquist
high frequencies that deviates from perfect semicircular sha}%n:t'rf:)ivplf?gesei%a'n(sft_\)'og?g\fspczl'gltt'awz":ho'isn ;et gi?lu%gier
for most choices of load resistance. Rlowever, Fig. 3(b) frequencies )‘vg voltgge points ) ge P ' '
shows this ‘shoulder’ is largely absent in the extreme cases, R '

high R (approaching open circuit, IMVS mode) and low Rypg gmal| amplitudes ake AV (f — 0) for both small, and
(approaching short circuit, IMPS mode). IMPS and 'Mvsfarge, values of R(i.e. voltage point approaching 0 angcV

spectra are somewhat flattened compared to a perfegtyectively) are easily understood as low/higltdtresponds
semicircle, but without the distinct ‘shoulder’ feature seen at a near-vertical, or near-horizontal, load line in Fig. 1(b)

MPP load, which would therefqre pe mis_sed in the tre_lditio_niaéading to small4V. The Re AV (f — 0) profile for
IMVS and IMPS modes. We first investigate and rationalisgyermediate loadss similar in shape to the power profile in
th_e depend§ncy of the .domln_ant sem1_01rcl_es charaqterlst1c§ Fig.s S1 and S4 (supplementary informatiaty AV (f — 0)
with R, using a generic equw.al.ent ’CII’CUIt model (inset Fig. Séeaks at voltage pointy = 550 mV, somewhat belowe
that describes tl_le_ dominant _semlclrcle s parameters. _Then, We - 650 mV from the power profile under LED illumination
dlscuss_ the origin of the high frequency shoulder in the conte(gig_ S4).Comer frequencies are high for both, voltage points
of previous work. approaching short circuit, and voltage points approachig V
with a broad minimum around MPP.
B. Magnitude and Corner Frequencies: Measurementvs.  To rationalise our results we compared to LT SPICE
Generic Equivalent Circuit Modelling simulations on a generic OPV equivalent circuit (e.g. Narayan)
that was loaded externally by ,Ree inset to Fig. 5. As circuit
The characteristic parameters of our Nyquist semicircl&®mponents representing our OPV cells, we selecigd R00
are their magnitude, characterised by the limiRet4V (f — kQ, Rs = 2 kQ << Rg, (Similar to the parameters extracted
0), and the ‘corner frequency’, f.,, which is given by the from Fig.s S1 and S4, supplementary informatiory;;G 4
frequency wherelm AV has its minimum (i.e., maximum nF (for magnitude of g, cf. section D), and a modified
magnitude). Re AV (f — 0) is equal to the DC A4V shown in 1N914 diode designated as 1N914_KA. Diode modification
Fig. 1(b). The electric conditions (loads Bnd DC voltage consisted of selecting a lower reverse bias saturation current
points, i.e. the voltages selected by the respectiv@afRwell (lg). Is influences the equivalent circuit’s Voc, and k= 3 pA
as the corresponding current densities j under LEDBas chosen so that the equivalent circuit replicates the
illumination), and characteristic parametegsRk 4V (f — 0)) observed Yc of our OPV cell. The magnitude of the current
of the IMS spectra shown in Fig. 3 are summarised in table Sdurce was set to 25 pA DC with an AC modulation of5 pA.
(supplementary information), and plotted in Fig. 4. Fig. 5 shows a simulated ‘Nyquist rainbow’ under different R_
in the order kQ (Rs < R_ < Rgy), corresponding to experimental
results in Fig. 3.

o



¥ i experiment (F_ig. 4) and simulat.ion (Fig..6) are very similar,
g ,} F’ ; Toov | both resembling a power profile, peaking near MPP. The
i %} sossav | broad and flat minimum of 8hown in Fig. 4 is also replicated
- %M A e loev | by simulation Fig. 6. Quantitatively, .fis about 3 times higher
o 4 4 A 4063V in simulation than in experiment. Quantitative differences for
g7 M, LA .’ ey | Tc probably mainly arise from the difficulties of simulating the
s % 4 A a4 A L 052V nonlinear properties of an organic BHJ diode in the equivalent
E s ‘eav | Circuit model with conventional software. Note Gundlach et al.
35 o i [6] have avoided the diode in their simulations altogether
40 s 4 linearising it by an incremental resistor. This is acceptable
. - R ED Re when a single, fixed voltage point is studied (indeed we do this
I I 1;‘;14 w3 Tomo R ourselves in section D), bu_t not when we study _voltage point
e dependency of.f as the diode incremental resistance does

change (non- linearly) with voltage point. The SPICE software
_ _ o _ . offers a selection of stock inorganic diodes, with the option
Fig. 5. Simulated “Nyquist rainbow” for the generic OPV equivalent  for customising. To account for two of the differences between
circuit model, shown as insdf. represents the light- driven current ook diodes and organic BHJ diodes, we selected a
source. In IMS, all components apart fromaRe internal o the OPV. ;. ificanty smaller saturation current (order pA vs. nA) due

cell. We selected § = 100 kQ, Rs =2 kQ, Cgy; = 4 nF, and a . . .
customised 1N914 diode (1N914_KA) with the saturation curreﬁ? lower carrier mobility, and added 4nfs// diode to add

reduced to 3 pA. The amplitude of current source modulatiorsetas (0 the (order pF) capacitance of a stock diode, albgit; 6
to 5 pA and the DC current bias was set to 25 pA. R_ was varied in Not voltage- dependent, while diode capacitance is [4]. We
the range (6.876) kQ, leading to the voltage points shown in the  also do not know the ideality factor (n) of our BHJ OPV diode,
panel on the right. The largest semicircle (light blue symbol®)r if it is quantitatively described by the standard diode
corresponds to R 26.5 kQ. equation at all. The observed behaviourRef4V (f — 0) (a

DC property) under different Ran therefore be understood
Simulated Nyquist plots of the generic OPV equivalent circUfiear- quantitatively by the generic equivalent circuit model,
give exact semicircles/ellipses at all voltage points without theset to Fig. 5, but.f (AC property) only qualitatively.
observed high frequency ’shoulder’ even when simulated cells Practically, the increased modulation amplitud®, and
are loaded to near MPP, but semicircles show diﬁere%duced corner frequency, under loads nggk Rre welcome:
magnitudere AV (f — 0), and corner frequency fcfor different  |ncreased amplitude improves sigmadroise ratio, and
voltage points.For comparison to experimental results, weeduced corner frequency effectively extends the instrumental
plot characteristic features of the simulated equivalent circiiandwidth to higher frequencies. The latter can be seen in Fig.

in Fig. 6, which corresponds to Fig. 4. 3(b), where the MPP spectrum approaches the origin more
closely than either IMPS or IMVS spectra, although all
90 16000 terminate at the same frequency, 250 kHz. We thus propose a
80 A 4 A XD new mode of IMS working at MPP, rather than the established
PR A 1000 4 open circuit (IMVS)- and short circuit (IMPS) modes, as both
2w ¥ the most realistic and practically most convenient mode of
E A A A 10000 % IMS
o A 2 sie B '
3 :: N A 6000 § C. Spectral Features at High Frequency: Relation to Cell
2 ” 5% o § Ageing
& A A 8
i A F- i 2000

At high frequencies, there remains a difference between
L . B O P . experiment and generic circuit simulation results, namely a
high frequency ‘shoulder’ in experimental spectra taken under
finite loads, in particular when R~ Rypp. This feature is
invisible near open circuit (IMVS mode) and near short circuit
Fig. 6. The characteristic parameters of the simulated NyquigiMPS mode),cf. Fig. 3(b). Qualitatively, in IMPS, most
semicircle plotted against voltage point V, which is set hyd& Re current generated by the cell’s current source will flow

4y at low frequency (f— 0) vs voltage points. (b) Corner through the external short circuit. Under open-circuit

frequencies,f vs. voltage points.Re AV reaches its maximum for.R B .. . .

~26.5 kO, cgndltlons, the .cell s internal dlodg will be_strongly forward-
biased, resulting in a low resistance internal current path.

For both experimental and simulated spectra, the magnitudelgtder finite load, however, both external current path, and

Re AV (f — 0) strongly depends on the magnitude of R, i.e. internal diode, display significant resistance, thus forcing more

voltage point, V. Theke 4V (f — 0) vs. voltage point plots for current through the BHJ capacitance path, in particular at high

Voltage Points {V}



frequencies, when capacitative impedance drdpwis IMS Prior qualitative reasoning suggests that the high frequency
under finite load may reveal latent spectral features originatifigature seen for loaded cells originates at the BW&

at the BHJ that remain hidden in IMPS and IMVS modes. Fdinerefore extended the generic equivalent circuit by a resistor
comparison, Semenekhin et al [9] previously reported IMP&arallel to a capacitor (R C) in series with the BHJ
and IMVS on a similar OPV cell but using a different lightcapacitance. Fig. 8 shows the extended equivalent circuit, and
absorbing / hole conducting polymer in the BHJ blend. Thesimulated spectra for different magnitudes of the addgd/R
observed a marked difference between IMPS and IMVGS,,.
spectra, which we find to be rather similar (cf. Fig. 3(b)), but

like here, neither their IMPS nor IMVS spectra display a hig =

frequency ‘shoulder’. Instead Semenekhin et al report a strong 20 40 60 !: 100
‘3" quadrant’ (negative Re AV) high frequency feature in = ;
IMPS that is absent in IMVS [9]. Negati®e AV is associated i # Rext=200 Ohm, Cext = 1 nf :
with the finite transit time of carriers between exciton splitting 15~ % > Rext~ 207 Ohm Coxt = 13 0F .
at the heterojunction and extraction at the contacts [9]. Hel s -20 . ,’
spectra under all loads, including near-IMPS, remain in the - § 25 " .
guadrant, suggesting faster carrier extraction. £ P - .

We find the high frequency ‘shoulder’ seen under finite 5 o >
load is exacerbated by aging of OPV cells. We repeated IN Y o4 ® -3
on a cell after it was stored in dark conditions under ambie 0
atmosphere for 30 days#n AM 1.5 characterisation of a @
stored cell (not shown here) shows thathas dropped to 3.2 Re AV(mV)

mA/cn?, Voc and \(pp dropped to 879 and 620 mV,
respectively, and the maximum power to 1.6 mW{cwith
corresponding increase of,® compared to a fresh cellgR Fig. 8. Simulations on extended equivalent circuit model, shown as
and R under AM 1.5have increased to 2.4 kQ and 120 Q, inset. R was set to 61 kQ; Rsp Rs, Cgny Were chosen to match the

respectivelyFig. 7 compares Nyquist plots of IMS spectra afneasured values for the stored cell under AM 1.5. (See below for
same R(61 kQ) before and after storage measurement of &;). For simplicity, the diode was represented by a
£¢: suitable (5.5 kQ) incremental resistor (see below; similar as in

Gundlach et al [6]). Red symbolsg, = 13 nF // Ry = 200 Q; blue
symbols: G¢=1nF // R;=200 Q.

When suitable parameters fog/ Cey are chosen, simulated
spectra now include the high frequency ‘shoulder’ or ‘foot’
features, similar as in experimental spectra (Fig. 7). The

Im AV (mV)

35 | ® Stored Cell L4
[ ] [ ]
A Fresh Cell L] L]

Re AV (mV)

Fig. 7. Comparison between the IMS spectra of a freshly prepar
sample, and a sample stored 30 days under air in the da#lq1IRQ
for both. The corner frequencies.)fof the fresh and stored sample

are 1140 Hz and 356 Hz respectively.

The overall larger size of the Nyquist plot indicates that

weaker high frequency feature for a ‘fresh’ sample captures
aging at an early stage; note that a larger value.gf&sults

in a smaller modification of &;. Modelling thus confirms the
origin of the ageing-related high frequency feature is located at
the BHJ itself.

OPV aging was the subject of detailed recent studies [18,
19], who reported a number of different degradation
mechanisms. An important mechanism that will occur even in
dark storage is the etching of ITO electrodes by the acidic
ggpant of the PEDOT:PSS hole extraction layer, polystyrene
Sulfonic acid (PSS), which liberates indium ions. A Rutherford
Backscattering Spectrometry (RBS) study by Janssen et al
[11], and TOF-SIMS studied by Jonkheijm et al [12], on
model devices with PEDOT:PSS hole extracting layer showed

r that Indium will subsequently diffuse across the hole

extracting layer into the BHJ region. We therefore assign the

61 kQ leads to a voltage point close to the peak of the Re AV (f ¢ : g
. 0) vs. voltage point profile for the degraded cell, but noflgelng-related high frequency feature to the diffusion of

for the fresh cell, where the corresponding voltage point djdium ions that originate from the etching of ITO by PSS to

683 mV is in the steeply declining flank of the profile (cf. Fig.the BHJ.

4). However, the high frequency feature for the aged cell is
now more clearly separated from the dominant semicircle,
morphing from ‘shoulder’ to ‘foot’.



D. Measuring Bulk Heterojunction Capacitance do not interfere with our determination og{G on the other
hand, we can not determine the magnitude gfi€ the way

Finally, we used IMS on a stored sample to determine t€scribed here.

BHJ capacitance, in the sense aof;Cwithin the equivalent

circuit model (inset to Fig. 5), at a voltage point near MPP. Division of equations (1)/(2) leads to Eq.s (3a),(3b), which
Cgny is not accessible from DV measurements. Instead, weare mathematically equivalent:

added different external capacitive loads, ( parallel to
gxed.exte.rntetl Bf 32.7 kQ (CL Il R), anq identified cf.as Cui, =C, (fo'/(fo — £2) (3a)

escribed in ‘experimental’. Corner frequencies dropped with

increasing parallel G as shown in Table I.

fo/fe'=C_/Cgy +1 (3b)
TABLE |
CORNER FREQUENCY VS. EXTERNAL LOAD Eq. (3a) relates the unknown BHJ capacitance to known C
CAPACITANCE, G. R WAS FIXED AT 32.7 kQ and measured corner frequencies, without knowledg. of
absolute terms, nor of resistorg, Rs, Rs. EQ. (3b) suggests a
plot of ./ .’ vs G, giving a straight line that intercepts the C
[r?lé] [klf—c|z] axis at -Gui, thus allowing determination of g by
0 >4 extrapolation. Fig. 9 shows a plot of the data from Table | in
0.39 216 the form suggested by eq. (3b).
0.47 2.14
1 1.91 25
2.2 1.59
4.7 1.09

To evaluate the behaviour of IMS spectra undel/®_, we -5

(mentally) replace the diode in the generic equivalent circu
inset Fig. 5, by its incremental resistos, Rvhich is justified
for a given voltage point and small modulation amplitudds (
<< L; note we dropped!? to 1 mA to find §under Q). With
Rp replacing the diode in the circuit inset Fig. 5, its corne o e
frequency is given by eq. (1): 4 4 3 2 a 1 2 3 a4 5 g

0.5
85

VYo = 1/(27zfc ) =Cgqyy (RD I R, I RL) Q) Load Capacitance C, (nF)

./t

Wherein the *//” symbol stands for the total resistance resulting ~ Fig. 9. Ratio of corner frequencies for OPV cells not capacitively
from parallel resistors. When an external load capacitds C loaded / loaded with O/ R_ = 32.7 kQ vs. magnitude of capacitive
added parallel to load,Rthe extended circuit (indicated by load, G. Data from Table I. The straight line fit intercepts theagis
prime in eq. (2)) is characterised by corner frequency: at- 3.9+ 0.1nF.

We find a very good straight line fit which indicates the
Yaor,'=Y(2A:")=(Coy +C R M Ry /I R) &) underlying assumptions are met. We therefore extrapolate a

BHJ capacitance of 3.9 nF, corresponding to a specific
Eq.s (1),(2) rely in two assumptions, namely, that<R R capacitance of approximately 146/cnf. For comparison, we
and hence Rcan be neglected in the expression for the totaistimate a hypotheticakeometric’ specific capacitance, by
effective resistance, (R// Rsy // (R+Ry)), seen by the ‘modelling’ a BHJ] OPV as a parallel plate capacitor of
photocurrent source,;land RC, << (G + Cgyy) (Rsn// Rp).  thickness d = 100 nm separated by a dielectric medium of
We verified the latter by checking that the two criteria fd f dielectric constant k = 1.5. This giveggg = 13.3 nF/crfy an
45° phase shift, -3 dB amplitude drop = drop to 71% w.r.t. lowrder of magnitude smaller than the actual BHJ capacitance.
frequency modulation amplitude) are met simultaneously. Thihis discrepancy clearly illustrates the inadequacy of
observation also implies that the pole resulting fropn;@  approximating a BHJ by a parallel plate capacitor, as this
well separated from any higher frequency pole duep(& ignores the BHJ’s large internal interface area. Since
defined in inset to Fig. 8). This agrees with the earlignaximising internal interface area is the objective of BHJs, we
observation that high frequency ‘shoulder’ features in Nyquist ~ propose the BHJ specific capacitance as an indicator of BHJ
plots are clearly separated from the dominant, lower frequengyality.
corner due to gy;. High frequency features related tg,&hus



IV. CONCLUSION

We report a combined experimental and theoretical studl
of light intensity-modulated solar cell spectroscopy (IMS) on
bulk heterojunction (BHJ) organic photovoltaic (OPV) cells.
We designed and built a cost-effective IMS spectrometer from
generic lab equipment, and introduce a generalised mode of
IMS by loading PV cells with resistors, .RThe previously [5]
established ‘Intensity-modulated photocurrent spectroscopy’
(IMPS) (R — 0) and ‘intensity-modulated photovoltage
spectroscopy’ (IMVS) (R — infinity) are the extreme cases of
the more general mode introduced here.We rationalise ti@
observed IMS spectra under different loads by simulations on
a generic equivalent circuit model. Loading cells to maximum
power point (MPP) emerges as the optimum mode of IMS:
MPP is the realistic working condition for a solar cell,
measured signal (and hence, sigimathoise ratio) is largest for [7]
given modulation amplitude, and corner frequency is lowest,
thus effectively extending IMS to higher frequency. Also, we
observe an ageing-related high frequency feature in the INESS
spectra of loaded cells that are invisible in both IMPS and
IMVS. These can be accounted for by introducing a
modification on the BHJ capacitance branch of the generic
circuit model, thus locating the cause of the ageing-related
feature at the BHJ itself. Finally, we introduce an experimental
procedure and data analysis scheme to determine BIJ
capacitance by IMS without detailed knowledge of equivalent
circuit parameters, and without absolute calibration of light
intensity modulation amplitude.
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Supplementary information
Organic Solar Cell Preparation and Characterisation

We here studied a statd-the-art BHJ OPV cells using as its active layer a blend of a lowgagnidole transporting
semiconducting polymer, abbreviated PFDT2BT-8 (inset to Fig. S1), aanelectron accepting ;£ derivative, with a
PEDOT:PSS hole extracting layer. Cells were prepared in groups i@el8 pn a single device substrate. PEDOT:PSS was
purchased from Ossila Ltd, whilst PFDT2BT-8 was synthesized in the DegarahChemistry at the University of Sheffield
via a previously reported method [15], and had a molecular weight 61.6 KDa and a PDI of 1.47 [15]. P8M was
purchased from Ossila Ltd with a purity of 95% (5%#B®). The active layer solution was prepared by mixing PFDT3BT-
and PG,BM at a weight ratio of 1:4 in chloroform with an overall concentratio?Oomg.mi*. Subsequently, the solutions were
placed onto a hotplate at 55 °C for a few hours before they were filter@dgh a 0.45em PTFE filter. All devices were
fabricated onto 15 x 20 nfnof pixellated cathode design glass substrates that were supplied by Ossila. Bheatesiare sold
pre-patterned with a 100 nm layer of Indium Tin Oxide (ITO). Ptaouse, the substrates were sonicated in a warm cleaning
solution of either NaOH (10 wt% in water) or Hellmanex (2 wt%) forndinutes and then deionised in water for 5 minutes
followed by warm IPA for 5 minutes. Finally, they were dried wiltrogen gas. PEDOT:PSS film with (30 nm + 3 nm)
thickness was spin cast in ambient conditions and then was anneaBl°& for 30 minutes in glove box environment. The
active semiconductor layer was prepared by spin casting the solutioa gntustrate at a spin speed of 3000 rpm in order to
obtain an active film with a thickness of 70 nm + 3 nm. The bi-lagérodes of Ca (5nm) and Al (100 nm) were evaporated at a
rate of 3 A.8 and 10 A.8. Finally, the central area of each substrate was encapsulated by ukisg slige and light-curable
epoxy. For DC j(V) characterisation (but not for IMS), device pixels wekered by a 2.6 mmshadow mask and were
characterised under ambient conditions using a Keithley 2400 source anetest Newport 92251A-1000 AM 1.5 solar
simulator. An NREL calibrated silicon diode was used to calibrate the paiymrtat 100 mW.cfi Thej/V characteristic of a
device pixel under AM 1.5 is shown in Fig. $lespite best attempts to achieve identical processing conditions for each device,
not all pixels performed to that standard. The box plot Fig. S2 illustratésimance statistics for 54 pixels (9 device substrates
x 6 pixels each). Most pixels were ‘good’ with very similar PCE (~ 6%), but a few ‘bad’ pixels fall short to different extends. We
have chosen a representative ‘good’ pixel for IMS.
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Fig. S1.j/V characteristics of the OPV cell used here and the power profile.BMumination.

Fig. S1 gives ussi = -10.7 mAcn?, Voc = 902 mV, \jpp = 680 mV, and maximum power density 6.2 mWcrrom the j/V
characteristic, specific serial resistam; = 12.6 Qcm? and specific shunt resistancg, R 1820 Qcm? can be derived [16]; for an
active device area of 2.6 Mithat translates intodg= 70 kQ, and Rs = 520 Q.
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PCE (%)

Substrate

Fig. S2: Box plots illustrating the performance statistics of pixelsliiarent device substrates. Power conversion efficiency (PCE, blue
circles) is about 6% for all ‘good’ pixels.

Tabulated Characteristics of IMS Spectra, Fig. 3

Table S1 summarises the electric conditions (logadand DC voltage points, i.e. the voltages selected by the respectiae R
well as the corresponding current densities j, under LED illuminatom) characteristic parametegskle AV (f — 0)) extracted
from the IMS spectra shown in Fig. 4.

TABLE S1
LOAD R., RESULTING VOLTAGE POINTS AND CURRENT DENSITIESCORNER FREQUENCIES,fAND Re 4V FOR f— 0, FOR
THE SPECTRA SHOWN IN FIG. 3

R Voltage point R1/3j fc Re AV (f—0)
kQ] [mV] [mA/cn] [HZ] [mV]
6.8 100 0.51 3208 17
13.4 200 0.52 1724 33
19.9 300 0.53 1404 46
26.5 383 0.51 1030 57
27.7 400 0.50 1029 60
34.4 480 0.49 837 68
36.6 505 0.48 753 70
47.6 603 0.44 836 70
54.8 650 0.41 927 62
61.8 683 0.39 1140 53
66.7 700 0.37 1140 46
95.4 750 0.27 2121 25
158 780 0.17 3208 15
476 800 0.06 13666 10

The current density (j) column is calculated from the choseanB resulting voltage point, V, as R / (V*A), A= device area
= 2.86 mm. Columns § andRe AV (f — 0) were used to construct Fig. 4. Column j is used to constructSRigthe j(V)
characteristic under red LED illumination

Current/voltage Characteristics under LED lllumination

Solar cell characteristics, and also the extracted equivalent circuit parameters, dethenishtensity of illumination. For IMS,
we illuminated our cells with a red LED driven by (18 + 4) mAick is much less intense than AM 1.5. We have therefore
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constructed an alternative DC j(V) characteristic to Fig. S.1 from thedft§ from table S1, which corresponds to red LED
illumination. The result is shown in Fig. S4. From Fig. S3 we find=js8.51 mAcn¥, Voc = 800 mV, \jpp= 650 mV, and
Pupp = 270 pWerif . From the LED/V characteristics, we find also the OPV’s specific Rsp= 10000 Qcm? and its specific R=

182 Qcm?, using the same derivation method [16] as in Fig. S1. This equatgs*3R kQ and R = 6.4 kQ. However, due to

the lower quality of the j(V) characteristics under red LED, the latter peasin particular are difficult to extract accurately.
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Fig. S4: (V) characteristics and power profile under red LED illuminatonstructed from table S1.

Photograph of Our Set Up

Fig. S5: Photograph of our set-up. A is the bespoke vol@der @ircuit, B is the OPV testing module, C is the OPV under characterjZation
is the red LED (650 nm) used here and E is the USB-based lock-iniamipiét generates its own sinusoidal reference voltage. The Lock-In
was linked to a PC (not shown here) via USB cable. Reference frgquaaset, and data were collected, on the PC using LabView software



