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Abstract
We explore the nature of occupation and relaxation within the charge transfer density of states
(CT DOS) for bulk heterojunction organic solar cells consisting of the donor boron
subphthalocyanine chloride and the acceptor Cso. We observe relaxation of geminate CT states
on a sub-ns timescale via a ~70 meV dynamic redshift in their photoluminescence, whereas free
carrier relaxation at longer times leads to the formation of non-geminate CT states at even lower
energy. In steady-state, we find that thermalization within the DOS is incomplete, resulting in a
Boltzmann-like CT state distribution characterized by an effective temperature above that of the
ambient. These results confirm that electron and hole populations can be far from equilibrium in
organic solar cells and may prompt a reassessment of analyses that assume the same temperature

for their charge carrier distributions in the dark and under illumination.



I. INTRODUCTION

The efficiency of organic photovoltaic (OPV) cells is governed by a balance between charge
separation and recombination at the donor-acceptor (DA) interface, mediated by charge transfer
(CT) states that consist of a donor hole Coulombically bound to a neighboring acceptor electron
[1,2]. Previous work has established a clear link between the efficiency of a given OPV cell and
the properties of its CT state such as, for example, the relationship between open-circuit voltage
(Voc), CT state energy, and recombination rate, or the impact of CT state delocalization on short-
circuit current (Jg¢) [3-6]. These conclusions are made, however, with the tacit understanding
that there is not one CT state, but rather a distribution, that is, a CT density of states (DOS) due
to the positional, rotational, and conformational disorder of nearby D and A molecules,
aggregates, and crystallites [6-10]. Yet, despite the implications that such a distribution
introduces (such as added voltage loss [6,8,10,11] and the potential for barrier-less charge
separation [12-14]), surprisingly little is known about the form of the CT state DOS, how CT
states relax within it, and how the CT DOS relates to the joint density of free electron and hole
states.

Perhaps most importantly, the question of whether the CT DOS is occupied in equilibrium
fashion has come under scrutiny. Most device modeling to date assumes quasi-equilibrium
Fermi-Dirac statistics in determining carrier concentrations and thus CT state occupation at the
DA interface [15,16]. However, recent work has called this into question, suggesting that
occupation of the free carrier DOS is in fact far from equilibrium and that electrons and holes are
extracted before they fully thermalize [17-19]. This claim, which is based on strongly dispersive

transport of photogenerated electrons and holes observed in transient mobility experiments, has



not gone unchallenged [20], leading to an ongoing debate over the relevance of nonequilibrium
site occupation in disordered OPV cells.

Here, we present direct spectroscopic evidence of non-thermal occupation in the CT DOS of
small molecule OPV cells involving the donor boron subphthalocyanine chloride (SubPc) and
acceptor Cso. We observe a sub-ns dynamic redshift in the transient CT photoluminescence (PL)
that attests to geminate CT state relaxation followed by an even larger redshift on longer
timescales due to non-geminate CT states formed from free charges that have relaxed further in
the DOS. At steady-state, we find that the CT state PL is characterized by an effective
temperature above that of the sample itself, and that this discrepancy becomes more pronounced
with decreasing (sample) temperature as hopping transport to the lowest energy DOS sites is
increasingly frustrated. This result carries important implications for device modeling and may
also prompt a re-evaluation of common V¢ and ideality factor analyses that implicitly assume
illuminated OPV charge carrier distributions to be at the ambient temperature.

II. METHODS

A. Sample preparation

Solar cells and DA blend film samples are deposited by vacuum thermal evaporation in a
chamber with a base pressure of 10”7 Torr onto pre-patterned indium-tin-oxide (ITO) glass and
fused silica substrates, respectively. The organic source materials boron subphthalocyanine
chloride (SubPc), fullerene Ceo, and bathocuproine (BCP) are all purified via thermal gradient
sublimation and are purchased from Sigma Aldrich, SES Research, and Lumtec, respectively.
The solar cell device architecure consists of a 100 nm-thick SubPc:Cgo active layer deposited on
an ITO/glass substrate followed by a 10 nm BCP buffer and a 100 nm Al cathode defined by a

shadow mask. Bulk heterojunction SubPc:Ceo devices with a similar structure have previously



been explored in detail and exhibit V. ~ 1 V with efficiencies ranging from 1.55 - 3.70%
depending on the SubPc:Ceo blend fraction [21]. To avoid glass autofluorescence, PL
experiments are carried out on fused silica substrates using the same SubPc:Ceso (100 nm)/BCP
(10 nm)/Al (100 nm) device stack to maintain a similar microcavity environment as complete
solar cells.

B. Characterization

Time-resolved PL spectroscopy is carried out using a Hamamatsu C10910 streak camera
(~10 ps temporal resolution) synced to an EKSPLA optical parametric oscillator with a ~20 ps
pulse width and 1 kHz repetition rate at A = 532 nm and a pulse fluence of 130 pJ/cm?. Steady-
state PL spectra are excited at the same wavelength using a continuous-wave laser (intensity
~500 mW/cm?) and collected using a fibre-coupled spectrometer with cooled Si CCD and
InGaAs array detectors. Low temperature measurements are carried out in an optically accessible
cryostat, with device temperature measured using a Si temperature diode adhered directly to the
surface of each sample.

III. RESULTS AND DISCUSSION
Figure 1 illustrates the full range of charge generation and recombination processes in a typical
bulk heterojunction (BHJ) organic solar cell operating at open circuit, where each excited state
manifold/energy level is inhomogeneously broadened by disorder. Following the initial D—A
charge transfer event, the resulting hot CT state may dissociate directly or undergo internal
conversion to the lowest CT manifold on a ~ps timescale [22]. At this point, the bound CT state
may relax geminately within the CT DOS (process 1, defined as the coupled motion of the e and
h* toward lower energy CT sites) or it may dissociate, producing free carriers that relax

independently and recombine non-geminately back into a CT state (process 2). The dispersive



nature of the latter process was originally described for amorphous inorganic semiconductors
[23] before its more recent extension to organic systems [24,25]. In all cases, the final result is
CT decay to the ground state. The possibility of non-thermal CT DOS occupation arises because
the motion of electrons and holes needed to reach the lowest energy CT sites in the DOS tail may
be restricted by a combination of slow hopping transport and tortuous transport pathways
enforced by the BHJ geometry. If, on average, electrons and holes recombine (as geminate or
non-geminate CT states) or are extracted before they can fully relax into the DOS tail, then the
resulting steady-state distribution of CT states will be non-thermal.

A. CT state relaxation

Figure 2(a) presents the transient CT PL decay of a 1:1 SubPc:Ceo blend film. The spectrum
displays a clear dynamic redshift in the first nanosecond (see Fig. 2(b)) that is summarized
together with 1:2 and 4:1 SubPc:Cgo blend ratios in Fig. 3(a). This CT PL redshift is similar to
that observed previously in other small molecule [26] and polymer [27] DA blends. Interestingly,
all of the films complete the same ~70 meV redshift within the first few nanoseconds, but with a
much different increase in PL broadening over the same timescale as shown in Fig. 3(b). Among
the three films, the fastest redshift correlates with the largest degree of broadening in the 1:1
blend. This may simply reflect the larger density of DA interface sites available in an equally-
mixed film [28] that facilitate bound CT state relaxation. Unfortunately, it was not possible to
test this hypothesis over a wider range of blend ratios (i.e. more Cgo-rich or SubPc-rich) due to
incomplete quenching of Cso or SubPc fluorescence, which obscures the weak CT emission; a
comparison of these different spectra is provided in the Supplemental Material [29].

Although the CT PL peak appears to have settled at the end of the ns-scale time window in

Fig. 3, the steady-state CT PL spectrum of each film is further redshifted, pointing to additional



relaxation in the intervening ps-ms time range. The difference between early time (0-0.5 ns) and
steady-state CT PL is shown for the 1:1 blend film in Fig. 4(a) and 4(b) for a range of different
substrate temperatures. In contrast to the early time CT PL, which remains largely unchanged
with decreasing temperature, the steady-state spectra exhibit a clear blue-shift. The same general
behavior is summarized for all of the blend ratios in Fig. 4(c)-4(e).

Collectively, the data in Figs. 2-4 are consistent with geminate CT state relaxation (process 1
in Fig. 1) occurring on a ns timescale followed by non-geminate relaxation (process 2) on a
longer timescale. In addition to the clear separation in redshift dynamics that are consistent with
the lifetime of each species (i.e. ns for geminate CT states [6] versus ps-ms for free charge
[30,31]), this assignment is supported by the functional form of the CT PL decay in Fig. 5, which
is monoexponential at early times (expected for geminate recombination) and transitions to a
power law at later times (expected for non-geminate recombination) [30].

Additional support follows from the electric field dependence of the CT PL spectra, where
reverse biasing a 1:1 blend OPV device has little effect on the shape of the early time (0-0.5 ns)
spectrum in Fig. 6(a) yet leads to a substantial blue-shift of the steady-state PL spectrum in Fig.
6(b). This observation is consistent with the expectation that reverse bias should accelerate the
extraction of free charges before they can fully relax, effectively shifting occupation of the DOS
toward higher energy as reflected by the relative increase in CT PL intensity on the high energy
side of the steady-state spectra. The field dependence of the CT PL intensity n Fig. 6(c) follows
similarly. There, quenching of the early time PL saturates in reverse bias at -3 V, reflecting the
limit of geminate CT state dissociation, whereas the steady-state PL intensity continues to
decrease since it also reflects emission from non-geminate CT states that form at later times (in

competition with increasingly efficient free charge extraction).



B. Non-thermal occupation

Given the substantial non-geminate relaxation that takes place between early times and steady-
state, it is important to determine whether or not relaxation is complete, that is, whether steady-
state CT occupation of the DOS is described by a thermal equilibrium Boltzmann factor «
exp[(uer — E)/kyT] set by the CT state chemical potential (ucr) and ambient temperature, T
[6]. The answer according to Fig. 4 is no: the separation between early time and steady-state CT
PL, which is an exclusive measure of how much the distribution has thermalized (since any
intrinsic temperature shift in CT energy or DOS should already be accounted for in the early time
spectra [6,33]), trends smaller with decreasing temperature, which is opposite to the expectation
of a steepening Boltzmann tail. Instead, these data suggest that relaxation is a thermally-assisted
process where carriers must hop through higher energy sites to ultimately reach those with the
lowest energy in the DOS tail (which are small in number and far apart by definition). Coupled
with the geometric frustration of navigating intricate D or A pathways set by the amorphous BHJ
morphology [21] (e.g. as sketched in Fig. 1), it is clear why carriers may increasingly fail to
reach the bottom of the DOS before being extracted or recombining.

Although the form of the non-equilibrium CT state distribution is not explicitly known, a
reasonable starting point is to assume it is Boltzmann-like, but described by an elevated effective
temperature. To explore this possibility, we examine the steady-state CT PL in the context of the
generalized Planck equation for semiconductor luminescent radiation derived by Wiirfel [34]:

22 1 (1)
h3c? lexp[(E — ucr)/kpT] — 11"

I(E) = A(E)

where I(E) is the spectral photon flux as a function of energy E, A(E) is the material
absorbance, h is Planck’s constant, ¢ is the speed of light in vacuum, ky, is Boltzmann’s constant

and T is the luminescence temperature. Equation (1) has been shown to hold for a variety of



inorganic and disordered thin film semiconductors [35-37], and it is the basis for the photovoltaic
reciprocity relations that have been widely applied to the analysis of open-circuit voltage in OPV
cells [3,38-40]. It is commonly used to determine the temperature of inorganic semiconductors
based on their luminescence spectrum [41]; however, applying it to OPV DA material systems is
complicated by the challenge of accurately measuring the weak CT absorbance tail [A(E)],
which typically varies by several orders of magnitude over the spectral range of CT
luminescence [33,39]. To circumvent this difficulty, we instead examine the log ratio of CT
luminescence spectra obtained at a given sample temperature, Ty, relative to that at another

temperature, T,:
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This formulation assumes that the temperature dependence of A(E) can be neglected and invokes
the Boltzmann approximation to yield a linear expression whose slope is equal to the reciprocal

temperature difference; the validity of both assumptions is detailed in the Supplemental Material
[29].

Using Eq. (2), it is therefore possible to compare the CT PL spectra obtained at different
substrate temperatures and determine whether the difference in their corresponding luminescence
temperatures is consistent. Figure 7(a) plots the PL log ratio of the room temperature spectrum
in Fig. 4(b) compared to those at lower temperatures, demonstrating the linear relationship
predicted by Eq. (2). In this case, the slope of linear fits to the data (solid lines) should be
compared with those of the equivalently-colored dashed lines expected from the measured
substrate temperatures. In general, the data slopes are smaller than their dashed line
counterparts, indicating that the luminescence temperature exceeds that of the substrate. In

similar experiments carried out with a GaAs wafer, the luminescence and substrate temperature



differences are nearly identical. These data, as well as intensity-dependent control experiments to
rule out local heating of the organic film by the pump laser, are provided in the Supplemental
Material [29].

Figure 7(b) summarizes the results for all blend ratios by plotting their CT luminescence
temperature as a function of substrate temperature. In each case, we use the room temperature
CT PL spectrum as the reference, assuming that its luminescence temperature is actually T =
293 K even though it is in fact probably higher. This plot therefore represents a lower bound on
luminescence temperature. As compared to the thermal luminescence of the GaAs sample, the
CT PL from all of the DA blends is clearly non-thermal and grows more so with decreasing
temperature as inferred from Fig. 4 above. In general, the CT state distribution becomes more
thermal with increasing Ceo fraction, presumably due to the associated increase in charge carrier
mobility (roughly three orders of magnitude for electrons and one order of magnitude for holes
[21]) that facilitates migration to the lowest energy DOS sites.

Another manifestation of non-thermal CT state occupation is the anomalous redshift of CT
electroluminescence (EL) relative to P commonly observed in the literature [4,42] and shown
for the 1:1 SubPc:Cgo blend at room temperature in Fig. 8(a). In contrast to photoinduced charge
transfer that uniformly populates the CT DOS, electrical excitation fills the DOS in a relaxed
fashion from the bottom up according to the local quasi-Fermi level splitting, with any
temperature increase beyond ambient due to Joule heating. The CT EL spectrum is therefore
expected to more closely reflect a thermalized CT distribution and should provide a reasonable
reference from which to calibrate the absolute PL temperature via Eq. (2). Figure 8(c) shows that
the PL-to-EL log ratio for the 1:1 SubPc:Ceo device does indeed result in a straight line which, in

contrast to the GaAs solar cell data shown for reference (see Fig. 8(b)), yields an elevated



effective PL temperature of Toir = 330 + 3 K characterizing the CT state distribution under
illumination. In this context, it is important to note that the SubPc:Cego blend is uniformly mixed
and amorphous as established by Pandey et al. [21], unlike phase-separated polymer DA systems
where it has been suggested that CT PL and EL originate from distinct regions of the blend film
[42].

IV. CONCLUSION
In summary, we have shown that photogenerated CT states in a SubPc:Cgso BHJ relax geminately
by ~70 meV on a ns timescale and that free carriers relax on longer timescales to form non-
geminate CT states even lower in the DOS. These relaxation processes occur via thermally-
assisted hopping and are generally insufficient to establish a thermal equilibrium distribution of
CT states at room temperature. Based on similar observations for other small molecule DA
blends (provided in the Supplemental Material [29]Error! Reference source not found.) and
the hallmark CT PL to EL redshift observed in many polymer DA systems [4,42], non-thermal
occupation of the CT DOS (and by extension the free carrier DOS since free carriers and CT
states are believed to be in equilibrium with one another [6,16]) is likely to be a general
phenomenon in BHJ OPV cells. Beyond the performance implications discussed previously [17-
19], non-thermal DOS occupation may force a re-evaluation of trends in V¢ (such as, e.g. the
slope of V¢ versus temperature [33] or the ideality factor deduced from its intensity dependence

[43]) that implicitly assume charge carriers to be at the ambient cell temperature.
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FIG. 1. Schematic showing charge separation, relaxation, and recombination pathways within the
disorder-broadened CT and free carrier density of states distributions in a typical OPV DA blend.
Once formed, CT states may relax geminately through correlated motion of the electron and hole
toward lower energy sites (Process 1, shown by the solid arrows in the inset) or they may
dissociate into free carriers that relax independently and recombine to form non-geminate CT

states (Process 2, shown by the dashed arrows).
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FIG. 2. (a) Streak camera image showing the CT PL decay of a 1:1 blend SubPc:Ceo film. The
dashed line shows the peak PL energy at the onset of emission. (b) Photoluminescence spectra
integrated over different time intervals in the streak image, showing a redshift of the emission
peak within the first few nanoseconds of the decay. The solid lines are Gaussian fits to the data
and the vertical dashed line denotes the PL peak energy immediately following the excitation

pulse.
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FIG. 3. (a) Redshift of the CT PL emission peak as a function of time for different SubPc:Ceo
blend ratios. The corresponding color dashed lines indicate the full shift to steady-state. (b) Full-
width half-maximum broadening of the same CT PL spectra over time. The peak energy and

broadening are extracted from Gaussian fits to the emission spectra as shown in Fig. 2(b).
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FIG. 4. Early time CT PL spectra collected from a 1:1 SubPc:Ce blend within the first 0.5 ns
following excitation (a) and at steady state under continuous-wave illumination (b) for different

sample temperatures. Dashed black lines in (a) and (b) denote the emission peak energy of each
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data set at room temperature. (c)-(¢) Summary of the variation in early time and steady-state CT
PL peak energies as a function of temperature for each SubPc:Cso blend (full spectra provided in

the Supplemental Material [29]).
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FIG. 5. CT PL decay collected from a 1:1 SubPc:Cqo film at a substrate temperature of 102 K
(black line). The data exhibit two clear regimes: monoexponential decay (o< e /7, with 7 = 3.9
ns) at early times < 10 ns that is consistent with geminate CT recombination, and a power law
decay (o< t™%, with @ = 1.6) at longer times that is characteristic of non-geminate recombination
in an energetically-disordered system [30-32]. The red and blue lines overlaid on the data show

these individual functional dependences.
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FIG. 6. (a) Early time CT PL spectra collected within the first 0.5 ns following excitation from a
1:1 SubPc:Ceo blend solar cell at different reverse bias values. (b) Steady-state emission from the
same device collected under continuous-wave illumination over the same bias range. The vertical
dashed line in each panel marks the peak of the emission spectrum at open circuit. (c) Integrated
intensity of the early time and steady-state CT PL spectra in (a) and (b) as a function of reverse

bias, normalized to that at open circuit.
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FIG. 7. (a) Log ratios of the temperature-dependent CT PL spectra shown in Fig. 4(b), using the
room temperature spectrum (T; = 293 K) as the reference. Light solid lines show the
experimental log ratios, dark solid lines show linear fits to the data, and the dashed lines denote
the linear slopes that would occur in each case if the luminescence temperature corresponded to
the actual sample temperature. (b) Summary of the effective luminescent temperatures extracted
from the log PL ratios of each SubPc:Cgo blend as well as a GaAs wafer for reference. The pink

dashed line marks thermal luminescence with a temperature equal to that of the substrate.
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FIG. 8. (a) Steady-state EL and PL spectra collected from a 1:1 SubPc:Ceo solar cell at room
temperature. (b) The same data measured from a GaAs solar cell (EL) and wafer (PL). The EL
drive current density for the OPV and GaAs cell was 300 mA/cm? and 20 mA/cm?, respectively.
(c) PL-to-EL log ratios of each device. Assuming the EL to be at room temperature in each case,
the SubPc:Cso slope indicates an effective PL temperature elevated by ~35 K, whereas the EL

and PL temperatures of GaAs differ only negligibly.
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