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fullerene bulk-heterojunction
organic solar cells strengthens photogeneration
and exciton dissociation†

Jiaqi Xie, a Weihua Lin, b Guillermo C. Bazan, c Tõnu Pullerits, b

Kaibo Zheng *bd and Ziqi Liang *a

N-type doping of the bulk-heterojunction layer in nonfullerene organic solar cells allows to effectively

ameliorate inferior electron transportation by filling traps and optimizing electron pathways, leading to

a better balance of charge transport in device. This mechanism, however, provides an incomplete

understanding of the stronger photogeneration, long-lived excitons and simultaneously increased short-

circuit current density (JSC) and open-circuit voltage (VOC) that also benefit from the n-doping. Herein

we investigate how molecular n-dopant impacts the optical characteristics, intermolecular packing

behavior, charge carrier dynamics and photovoltaic performance in the nonfullerene-based blend. When

incorporating a prototypical n-type dopant N-DMBI into a benchmark PM6:Y6 blend, the crystallization

of PM6/Y6 is facilitated and the crystal coherence length is elongated, which is correlated with the

optical absorbance enhancement. N-doping is unveiled to prolong exciton lifetime by retarding

germinate recombination (GR) both at donor/acceptor (D/A) interfaces and within constituent domains

by dilating interspace, reducing trap states and decreasing exciton binding energy. Despite slower

interfacial charge transfer across the enlarged D/A interspace due to dopant intercalation, exciton

dissociation remains highly effective due to the impeded interfacial GR. Consequently, the champion

inverted cell at an optimal N-DMBI content delivers a decent efficiency of 15.34%, which is among the

highest of the state-of-the art analogous PM6:Y6-based binary cells. Such improvement is largely

ascribed to the concurrent increase of JSC (up to 26.41 mA cm�2) and VOC (up to 0.86 V) in comparison

to the undoped device.
Introduction

Molecular doping has manifested as a direct approach to tune
the optoelectronic properties of organic semiconductors, for
which there are two paradigm mechanisms for the interactions
between dopant and host: (i) strong redox reaction with integral
charge transfer under sufficient energy-level offsets and (ii)
weak molecular orbital hybridization with partial charge
transfer among interactive moieties.1,2 In organic solar cells
(OSCs), molecular doping of the bulk-heterojunction (BHJ)
active layer allows for tailoring the electronic structure to
promote photoinduced charge generation and transport
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mation (ESI) available. See

f Chemistry 2022
processes, whereas the conventional additive engineering in
OSCs is more prone to the morphological improvement.3,4 It has
become recognized that molecular dopants (both p- and n-
types) possess dual-functionality to modulate not only the
electronic properties but also the microstructures of the BHJ
layer in OSCs. On the one hand, extra free carriers brought from
the dopant would increase the background charge carrier
density to ll deep-level traps,5 enhance interfacial electric eld
to assist in exciton splitting,6 create more interfacial bridging
states to improve photo-charge-generation yield,7 etc. On the
other side, a small quantity of molecular dopant was shown to
increase thin-lm crystallinity, which is favorable for charge
transportation.4,8–10 However, a high doping level in BHJ layers
is oen undesired since the coulombic potential of dopant
counterions can create additional traps and thereby diminish
the long-range order of molecular packing,11,12 which serves as
a bottleneck to increasing electrical conductivity and preventing
over-high dark carrier density.13 In principle, n- or p-doping are
both feasible in electron acceptors and donors, respectively, yet
n-doping in OSCs is remarkably more challenging due to
limited candidate dopants, mismatched energy levels and air
instability.4,8
J. Mater. Chem. A, 2022, 10, 18845–18855 | 18845
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Since the Zhan group pioneered the design of the rst non-
fullerene acceptor (NFA), 3,9-bis(2-methylene-(3-(1,1-dicyano-
methylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene
(ITIC), in 2015, recent years have witnessed unparalleled
advances in NFAs and their OSCs (namely, NF-OSCs), thanks to
their tunable electronic structures and strong optical absorp-
tion in the visible and near-infrared bands compared to
fullerene acceptors.14,15 Accordingly, champion NF-OSCs have
now achieved power conversion efficiencies (PCEs) exceeding
18%.16,17 Among those high-performing NFAs, one nds IT-4F
and related structures; however, the critical issues of relatively
large voltage loss and inferior electron transportation to that of
holes in paired polymeric donors (i.e., PM6, PTB7-Th, etc.)
notably stand out, for which n-doping appears a facile solution.
Recently, the groups of Anthopoulos and Bao reported the n-
doping in NF-OSCs using respective dopants of benzyl viol-
ogen (BV) and (12a,18a)-5,6,12,12a,13,18,18a,19-octahydro-5,6-
dimethyl-13,18[10,20]benzenobisbenzimidazo [1,2b:20,10d]benzo
[i][2.5]benzodiaocine potassium triate adduct (DMBI-BDZC),
which signicantly improved molecular packing, balanced
charge transport, facilitated exciton dissociation and reduced
nongeminate (bimolecular) recombination.4,8 While these
studies afford a vital guidance for n-doping in NF-OSCs, it
would be particularly desirable to obtain more mechanistic
understanding.13 In the rst instance, the light absorption
enhancement of the doped active layer is generally described to
be a major key to the photocurrent increase, yet the correlation
between n-doping and optical absorbance awaits to be clari-
ed.4,8 For another, since it is difficult to control the dopant
distribution in the layers prepared by directly introducing
dopants into the blend solution,18,19 the doping effects on
exciton generation and diffusion within donor/acceptor (D/A)
domains are also noteworthy but far from understood. Such
information, however, is indispensable for a deep comprehen-
sion of the photo-charge generation process.6,7 Not to mention
that the gain in higher photocurrent is oen at the expense of
photovoltage loss in OSCs due to the large energy offset at D/A
interface,20,21 for which the simultaneously increasing short-
circuit current density (JSC) and open-circuit voltage (VOC)
found in the above-mentioned n-doped devices has yet to be
rationalized.4,8

This contribution is therefore motivated by our interest in
gaining further insights into the photovoltaic process in n-
doped BHJ layers and the ensuing performance of NF-OSCs. A
prototypical n-type dopant (4-(1,3-dimethyl-2,3-dihydro-1H-
benzoimidazol-2-yl)phenyl) dimethylamine (namely, N-DMBI)
is adopted to dope the benchmark PM6:Y6 blend based NF-
OSCs.16 Given the peculiar doping mechanism via hydrogen
removal and hydride transfer, N-DMBI is featured to dope those
hosts without sufficient energy offset by yielding an interme-
diate radical with an elevated energy level of singly-occupied
molecular orbitals (SOMO).22–24 Herein we propose that an
optimum N-DMBI content can trigger the heterogeneous
nucleation of PM6 and/or Y6, functioning as the seeding sites
with high surface tension to reduce the thermodynamic barrier
for nucleation, and the elongated crystal coherence length
18846 | J. Mater. Chem. A, 2022, 10, 18845–18855
(CCL) is correlated strongly with the enhancement of optical
absorbance. By probing charge generation process in both neat
and blend lms, n-doping is unraveled to retard mono-
molecular germinate recombination (GR) both at D/A interfaces
and within the constituent domains by dilating D/A interspace
and reducing structural-defect-mediated recombination,
respectively. Remarkably, n-doping in neat Y6 lm allows for
increased spatial separation of the coulombically bound elec-
tron–hole pairs, thereby prolonging exciton lifetime and further
suppressing GR. Moreover, the enlarged D/A interspace brought
by dopant intercalation decelerates interfacial electron/hole
transfer yet the exciton dissociation remains to function effec-
tively at a discreet spatial distance as long as the GR is signi-
cantly impeded, which well-interprets the concurrent increase
of JSC and VOC in device. Of particular nding is a lower doping
concentration results in negligible modulation of the BHJ
electronic structures while an excessive doping is destructive to
molecular packing, charge transport and exciton splitting,
yielding an optimal N-DMBI dopant level of 0.005 wt% in this
study. As a result, the PCE of the champion N-DMBI-doped
device is increased from 14.15% to 15.34%, with a signicant
rise of JSC from 23.83 to 26.41 mA cm�2 and a moderate
improvement of VOC from 0.84 to 0.86 V, as compared to those
of the undoped control device. The enhancement is primarily
attributed to n-doping induced optical enhancement, more
efficient exciton dissociation and less recombination loss.
Results and discussion

In order to incorporate a trace amount of N-DMBI, certain
volumes of dilute N-DMBI chloroform solution at 0.1 mg mL�1

were dripped into the as-prepared solutions of PM6 and Y6.
Note the weight percentage of N-DMBI in PM6:Y6 was calcu-
lated as a fraction of the total blend mass. In such a way it was
converted with regards to the neat masses of donor and
acceptor for PM6/Y6 solutions in order to make comparable
measurement (see details in the Experimental section in the
ESI).† The chemical structures and energy diagrams of PM6
donor, Y6 acceptor and n-type dopant N-DMBI are provided in
Fig. 1a, and the optical absorption spectra of both neat and
blends in solution and thin lm are shown in Fig. 1b. In blend
lms, the optimized PM6:Y6 weight ratio of 1 : 1.2 is directly
drawn from literature, while the N-DMBI content is varied from
0, 0.002, 0.005, 0.008, 0.015 to 0.020 wt%.16 The thicknesses of
neat and blend thin lms w/o N-DMBI are almost identical to
each other, as determined by step prolometer measurements
(Fig. S1, ESI†), which rule out the thickness effect on light
absorbance. It can be seen that the absorption proles of neat
PM6:Y6 blend lm without N-DMBI is nearly a superposition of
individual PM6 and Y6 spectra with the main peaks located at
625 and 829 nm, respectively.25,26 For all the blend thin lms w/o
N-DMBI, there is no new absorption band or peak shi observed
in the spectra, implying the absence of signicant chemical
reactions between them, which is also supported by the nearly
unchanged Fourier-transform infrared (FT-IR) spectra as shown
in Fig. S2a, ESI.†
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Materials and optical absorption. (a) Energy level diagram,
molecular structures of Y6 acceptor and N-DMBI dopant. (b) Light
absorption spectra of the PM6:Y6 blend, neat PM6 and Y6 in both thin
films and solution with x wt% N-DMBI content.
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Firstly, by adding 0.002 and 0.005 wt% N-DMBI into the
PM6:Y6 blend, the overall light absorbance is increased grad-
ually, which is pronounced for the shoulder peaks at 570 and
730 nm, indicative of enhanced intermolecular packing.
Further increased N-DMBI inclusion from 0.008 to 0.02 wt%, in
contrast, leads to a steady attenuation of absorbance, presum-
ably suggestive of weakened molecular packing. On the other
hand, for neat PM6 and Y6 thin lms by adding the same
content range of N-DMBI, similar absorbance changes are
observed. To conrm the aforementioned impact on lm
structures, the same absorbance in blend solution was
measured. From solid to solution, a perceptible bathochromic
shi of the spectra indicates strong intermolecular interactions
in solid state, and the nearly overlapped spectral proles
implicate the great likelihood of structural modication by N-
DMBI on thin lms. Now the question remains as to how N-
DMBI molecules modulate thin lm structure. In addition, as
a typical n-type dopant, the strong electronic interaction
between N-DMBI and Y6 could also induce local microstructure
change in such a way that is differentiated from what might
occur in PM6. Therefore, we next attempted to determine
whether n-type doping would occur. From Kelvin probe force
microscopy (KPFM) measurement, the work function/Fermi
level of Y6:N-DMBI (0.009 wt%) is up-shied by 0.13 eV
towards the conduction band, giving a direct evidence of
effective electron transfer. Moreover, the intensied electronic
paramagnetic resonance (EPR) of Y6 doped with 0.005 wt% N-
DMBI (Fig. S2b, ESI†), and the absent imidazole core hydrogen
of N-DMBI in the 1H-NMR spectra (Fig. S2c, ESI†) suggests the
formation of N-DMBI$ radicals aer thermal treatment, which
is a signature of such hydride-transfer doping process.22–24

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
employed to gain insight into the molecular packing motifs in
This journal is © The Royal Society of Chemistry 2022
the solution-casted PM6:Y6 blend and PM6/Y6 neat lms as
a function of N-DMBI content. We rstly compare the results
with those reported in literature to ensure measurement reli-
ability. As shown in 2D diffractograms (Fig. 2a), the neat PM6
lm adopts a preferential face-on orientation to the substrate as
evidenced by the stronger diffraction in the out-of-plane (OOP)
(101) direction than that in the in-plane (IP) (100) direction. In
contrast, the ring-shape pattern of neat Y6 lm indicates a more
isotropic lm structure. In the blend lm of PM6 and Y6, the
diffraction pattern seems to be mediated by these two constit-
uents, displaying both strong diffraction in OOP and Debye–
Scherrer rings. Accordingly, in the linecuts displayed in Fig. 2b,
the characteristic peaks were denoted as Phosti for the brevity.
Owing to linear p-conjugated backbone and bulky side chains,
PM6 possesses a conventional alkyl-to-alkyl diffraction prole,
wherein the lamellar stacking of side chains (PPM6

1 ) is predom-
inant over the p–p stacking (PPM6

2 ) of backbones.27 For pristine
Y6, the characteristic peaks are well-matched with the packing
motifs reported in literature,28–30 suggesting a mesh-like
aromatic structure. The lamellar (PY61 and PY62 ) and p–p stack-
ing peaks (PY63 and PY65 ) here are assigned to the distance of the
altered neighboring end-groups and the vertically aligned
molecules, respectively.29 Another peak of PY64 (0.66 �A�1) arises
from the horizontal backbone-stacking.29 With regards to the
pristine blend lm, it resembles a mixture of the diffraction
pattern of PM6 and Y6, which is characterized by the lamellar
and p–p stacking peaks of PBHJ

1 and PBHJ
5 , respectively. At the

same time, the end-group and backbone packing features of
Y6—PBHJ

2 , PBHJ
3 and PBHJ

4 —are also preserved in virtue of the
mesh structure compactness.

Aer acquiring results consistent with the literature, we
turned our attention to the impact of N-DMBI dopant and the
correlation with the optical absorbance changes. To quantita-
tively analyze the dopant position and the domain size, the
interplanar distance (namely, d-spacing) and coherence length
(i.e., LC) of lamellar and p-p stackings were derived from the
position (q) and breadth (Dq) of the tted linecut peaks,
according to the relations of d ¼ 2p/q and LC ¼ 0.89 � 2p/Dq.24

The details of the tted peaks and the calculated results are
shown in Fig. S3–S5 (ESI), Tables S1–S3 (ESI)† and Fig. 3a,
respectively. As Fig. 3a shows, the lamellar d-spacing of PM6 in
OOP direction progressively increases from 19.82 to 20.47 �A
with N-DMBI content varied from 0 to 11 wt%, while the d-space
change of lamellar stacking in IP direction and the p-p stacking
in either direction are both negligible. Since the edge-on
oriented lamellar stacking are minority for PM6, it is plausible
to observe less distance change in IP direction. N-DMBI dopants
are presumed to enter the lamellar interspace because of the
spaces provided by the large and exible alkyl side chains, and
thus dilating the interplanar distance. Similarly, the lack of
edge-on oriented crystallites and the intrinsically large lamellar
d-spacing could also explain why LC changes in IP direction and
for lamellar stacking are less distinguishable. In this regard, the
biggest increase of LC from 51.49 to 84.22�A is observed for the
p-p stacking in OOP direction by incorporating 0.011 wt% N-
DMBI dopant. We think that N-DMBI inclusion could give extra
steric hindrance to prevent the entanglement of long alkyl side
J. Mater. Chem. A, 2022, 10, 18845–18855 | 18847
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Fig. 2 Microstructure packing motifs. (a) 2D GIWAXS patterns of PM6:Y6, PM6 and Y6 thin films with x wt% N-DMBI. (b) Corresponding 1D
linecuts in OOP and IP directions.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

by
 F

ud
an

 U
ni

ve
rs

ity
 o

n 
9/

20
/2

02
2 

11
:4

9:
42

 P
M

. 
View Article Online
chains and hence the reduced lateral bulkiness allow back-
bones to stack in a longer range.31,32 Once adding N-DMBI from
0.018 to 11 wt%, the OOP p–p stacking coherence drops from
75.09 to 58.63 �A. Since there is no signicant change in p–p

stacking distance, shortened coherence is attributed to the over-
accumulation of N-DMBI within side chains. From the contact
angle measurement, the poor miscibility between PM6/Y6 and
N-DMBI is evaluated by the high interfacial tension of about
31.19 mNm�1 (Fig. S6, Tables S4 and S5 in ESI),† indicating the
low accessibility of p–p interspace for the insertion of N-DMBI
dopant.33,34

Owing to the large interplanar distance and the highly elec-
trophilic end-groups, N-DMBI dopants are also supposed to
enter the lamellar interspace of Y6, which is in-between the
adjacent end-groups of unpaired molecules. As shown in Fig. 2b
and 3a, this is supported by a substantial increase of the OOP
18848 | J. Mater. Chem. A, 2022, 10, 18845–18855
lamellar d-spacing from 18.43 to 21.70, 21.75 and 22.34 �A by
adding 0.003, 0.009 and 0.014 wt% N-DMBI, respectively. High
immiscibility between Y6 and N-DMBI is also evidenced by the
large interfacial tension of about 25.73 mN m�1 from the
contact angle measurement. Therefore, the structural ordering
could be disrupted and result in the vanishment of lamellar
stacking diffractions by introducing more N-DMBI dopant at
0.027 and 9.167 wt%. By tracing back to the linecuts in Fig. 2b, it
is found that the lamellar stacking peak (PY61 ) splits into two
sharp peaks for the lms doped by 0.003 and 0.009 wt% N-
DMBI, and there are evenmore splits at a higher dopant content
of 0.014 wt%. In the case of N-DMBI intercalation as n-type
dopant, the refractive index of Y6 lm could be spatially
varied as a consequence of the local lattice distortion and the
electron density redistribution, giving rise to the multiple
scattering of diffraction beam and nally leading to the peak
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Quantification of molecular stacking behaviors. (a) Interplanar distance and coherence PM6:Y6, PM6 and Y6 thin films with xwt%N-DMBI
derived from the GIWAXS linecuts. (b) Schematic molecular packings of PM6 and Y6, wherein the extended-crystal structures of Y6 are referred
to Zhang et al.'s work.29
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splitting.35,36 Notably, for doped lms containing 0.009 and
0.014 wt% N-DMBI, the weak peaks at 0.34 and 0.38 �A�1 are
assigned to the interaction of (h00) planes, and the sharp peak
at 0.91�A�1 may originate from the vacancies created by N-DMBI
intercalations, as shown in Fig. 3b.29,37 Returning to discuss
interplanar distance as shown in Fig. 3a, it is intriguing to note
a slight decrease of �0.1 �A prior to the increase of OOP p–p

stacking distance for Y6 with the turning point at 0.009 wt%. By
considering the effect of n-type doping, the end-groups of Y6
could be less electropositive aer pulling electrons from N-
DMB. As a result, the repulsion between the vertically stacked
end-groups becomes relieved, thus reducing the p–p stacking
distance. Given the less oriented structure, a similar trend of
lamellar and p–p stacking d-spacing in IP direction is found for
the condensed Y6:N-DMBI (x wt%) lms. We recall that the high
interfacial energy is also benecial to the heterogeneous
nucleation by reducing the energy barrier for phase trans-
formation. Therefore, the boost of crystallization gives rise to an
increasing coherence. As for the PM6:Y6 blend lms, on the
other side, the lamellar and p–p stacking distance vary with
introducing various amounts of N-DMBI by following the same
trend as that of neat PM6 and Y6 lms, respectively, but the
observed values are slightly higher due to the weakened inter-
molecular interactions by the phase inter-mixing. As the N-
DMBI contents are quite low and most of them are supposed to
intercalate into the lamellar interspace of PM6 and Y6, the
packing behavior of N-DMBI molecules is therefore neglected.
We further measured the root-mean-square roughness (RMS) of
This journal is © The Royal Society of Chemistry 2022
the pristine, lightly-doped (0.005 wt%) and heavily-doped
(5 wt%) PM6:Y6:N-DMBI lms via tapping-mode atomic force
microscope (TP-AFM) as shown in Fig. S7 (ESI),† and the cor-
responding RMS changes from 0.843 to 1.016 and 0.976 nm,
which may arise from the initially enlarged crystal size and the
ultimately disordered packing along with the increasing dopant
contents. Moreover, the line plots of both lamellar and p–p

stacking coherence for blends seem quite similar to that of Y6,
but the values are almost halved as the bulk mixing inhibits the
domains from growing in the long-range order.

Remarkably, the coherence maxima shown in Fig. 3a are
exactly the same point where the lms of PM6, Y6 and PM6:Y6
exhibit the highest optical absorbance, and the LC shows
a similar correlation to the optical absorbance with the content
of N-DMBI. Based on these results, we believe that the
increasing coherence length, or domain size in other words, can
effectively reduce the scattering-induced light loss and thus
enhancing the overall optical absorbance.

To elucidate the photophysical impact of N-DMBI inclusions
on the excited state evolutions in pure domains and at D/A
interfaces, transient absorption spectroscopy (TAS) was
employed to characterize the exciton recombination behaviors
in neat PM6/Y6:N-DMBI and blended PM6:Y6:N-DMBI lms.
PM6:N-DMBI (x wt%) and Y6:N-DMBI (x wt%) samples were
photoexcited by 400 and 800 nm wavelengths with the photon
energy slightly above their optical bandgaps respectively, while
both wavelengths were used with PM6:Y6:N-DMBI (x wt%)
samples to differentiate the dynamic pathways by selectively
J. Mater. Chem. A, 2022, 10, 18845–18855 | 18849
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exciting individual components. For intuitive comparisons,
charge transfer dynamics of each sample were derived from the
singular-value-decomposition (SVD) ttings of the measured
TAS (Fig. S8, ESI†) as shown in Fig. 4. For the undoped neat
PM6/Y6 lms, signals of ground-state bleaching (GSB) and
excited-state absorption (ESA) appear at 639/887 and 961/
971 nm, respectively (Fig. S8a–f, ESI†). For PM6:Y6 blend,
800 nm wavelength can only excite Y6 and produce GSB at
867 nm and ESA at 960 nm (Fig. S8g–i, ESI†), while 400 nm
wavelength can excite both PM6 and Y6 and produce signals
coinciding to their spectral features (Fig. S8j–l, ESI).†

From the SVD ttings, the PM6:N-DMBI (x wt%) samples
encompass two lifetime components as shown in Fig. 4a–c: GR
of the photogenerated excitons (4–27 ns) and non-geminate
recombination (NGR) stemming from exciton/polaron annihi-
lation (�30 ps).38,39 For Y6:N-DMBI (x wt%) samples shown in
Fig. 4e–g, another component of 1–2 ps besides GR (15–40 ps)
and NGR (3–7 ns) is ascribed to the hot carrier cooling and/or
the polaron formation in molecules.38 For blend lms getting
excited by an 800 nm pump shown in Fig. 4i–k, a component of
7–25 ps refers to the hole transfer from Y6 to PM6, wherein the
GSB from 650 to 900 nm and positive signal above 600 nm imply
the concurrent charge carrier depopulation from Y6 and pop-
ulation at PM6. Another component is featured by the GSB of
both PM6 (550–700 nm) and Y6 (650–900 nm), indicating the
geminate recombination of the transferred holes in PM6 with
the residual electrons in Y6 as shown in Fig. 4l. Similarly, when
both Y6 and PM6 are excited by a 400 nm pump (Fig. 4m–o),
Fig. 4 Thin-film photophysics. SVD fittings of the measured TAS of undo
400 nm, (e–g) Y6:N-DMBI (x wt%) excited at 800 nm, (i–k) PM6:Y6:N-
excited at 400 nm. (d, h, l, p) Identified schematic pathways of excited-s

18850 | J. Mater. Chem. A, 2022, 10, 18845–18855
another component of 0.2–2 ps is resolved for the process of
electron transfer from PM6 to Y6. Pathways of the above excited
state evolution and charge transfer are schematically illustrated
in Fig. 4d, h, l, p.

Charge generation dynamics of PM6 and Y6 domains within
BHJ blends can be similar to what occurs in the corresponding
neat lms. The tting results in Fig. 4a–c and e–g suggest
a retarded GR in both PM6 and Y6 neat lms by incorporating
N-DMBI dopants, which should be due to the reduction of rapid
trap-mediated recombination in the case of better molecular
packing.40 Of special note is the longest GR of 7.38 ns in heavily-
doped Y6 lm containing 9.167 wt% N-DMBI (Fig. 4g), while the
neat PM6 lm acquires that of 27.21 ns by incorporating
0.011 wt% N-DMBI (Fig. 4c).

Given the peculiar doping effect between Y6 and N-DMBI,
strong interactions between their frontier orbitals might repel
the paired electron and hole in photogenerated excitons,
thereby prolonging exciton lifetime with more N-DMBI dopant.
Moreover, NGR is retarded from 14.87 to 42.64 ns with
increasing N-DMBI content from 0 to 9.167 wt% in Y6 lms
(Fig. 4e–g), but it is almost unchanged for the samples of
PM6:N-DMBI (x wt%). From GIWAXS results, N-DMBI inclu-
sions exert little impact on the p–p stacking of PM6 but could
distort the packing of Y6 due to the interactive end groups for
doping. In this case, exciton diffusion is considered to be
limited by the lattice distortion in the doped Y6 lms, and NGR
is therefore retarded as long as excitons cannot encounter with
each other and get annihilated.41,42 For blend lms, GR is
ped/doped neat/blend thin films. (a–c) PM6:N-DMBI (x wt%) excited at
DMBI (x wt%) excited at 800 nm, and (m–o) PM6:Y6:N-DMBI (x wt%)
tate depopulation for the corresponding neat and blend films.

This journal is © The Royal Society of Chemistry 2022
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generally slowed down compared to that in the neat lms,
implying the efficient exciton dissociation at D/A interfaces.
Meanwhile, GR and electron/hole transfer at D/A interface are
simultaneously decelerated with the increasing N-DMBI
content, which could be ascribed to the enlarged D/A interspace
by the intercalation of N-DMBI dopant.

Finally, we fabricated inverted photovoltaic cells with an
ITO/ZnO/PM6:Y6:N-DMBI/MoO3/Ag architecture and correlated
the device performance with the impact of N-DMBI inclusions
in aspects of n-type doping and structural modication. Firstly,
the cell performance was optimized by varying the N-DMBI
Fig. 5 Photovoltaic device characterization. (a) J–V curves for PM6:Y6 ba
of device parameters, (c) Jph � Veff, (d) EQE profiles, (e) light-intensity dep
hole-only devices, and (g) MIM-CELIV transient tmax and j0 at varied volt

This journal is © The Royal Society of Chemistry 2022
content from 0.002 to 0.005, 0.008, 0.015 and 0.02 wt%. Fig. 5a
shows the best-performing J–V curves for each N-DMBI ratios
above, and the corresponding photovoltaic parameters are
summarized in Table 1. Note that 20 devices were fabricated for
each N-DMBI concentration to conrm data reproducibility,
and their J–V curves are given in Fig. S9 (ESI).† Similar to the
optical absorbance and coherence length, the PCE values follow
a rise-fall trend with the increasing N-DMBI content, in which
a vertex of 15.34% is attained at an optimal 0.005 wt% N-DMBI,
which is �10% higher than that of undoped device. The
remarkable PCE of the champion device benet primarily from
sed OSCs with xwt% N-DMBI, corresponding (b) statistical distribution
endences of JSC and VOC, (f) SCLCmeasurement for electron-only and
age offsets (see the details in Experimental section in ESI).†

J. Mater. Chem. A, 2022, 10, 18845–18855 | 18851
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Table 1 Summary of the photovoltaic parameters of PM6:Y6 based inverted OSCs with various ratios of N-DMBI incorporated

N-DMBI
(wt%) VOC (Avg. � Std.) (V) JSC (Avg. � Std.) (mA cm�2) FF (Avg. � Std.) (%) PCE (Avg. � Std.) (%) Pdiss (%)

0.000 0.84 (0.83 � 0.008) 23.83 (23.63 � 0.453) 71 (70 � 0.9) 14.15 (13.83 � 0.319) 96.05
0.002 0.84 (0.84 � 0.005) 24.72 (24.30 � 0.353) 70 (70 � 0.6) 14.51 (14.32 � 0.191) 98.39
0.005 0.86 (0.85 � 0.006) 26.41 (25.76 � 0.579) 68 (68 � 0.9) 15.34 (15.07 � 0.273) 98.65
0.008 0.84 (0.84 � 0.005) 25.75 (24.90 � 0.370) 69 (69 � 0.3) 14.82 (14.57 � 0.252) 97.98
0.015 0.83 (0.83 � 0.007) 24.53 (24.13 � 0.453) 70 (69 � 1.1) 14.25 (13.96 � 0.287) 94.06
0.020 0.82 (0.82 � 0.005) 24.33 (23.85 � 0.410) 66 (67 � 1.0) 13.16 (13.04 � 0.120) 90.47
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the high JSC and VOC of 26.41 mA cm�2 and 0.86 V, while the FF
of 0.68 is relatively low. The universality of these ndings is also
supported by the statistical distribution of photovoltaic
parameters as shown in Fig. 5b, from which the same rise-fall
trend with a common turning point at 0.005 wt% N-DMBI is
also found for both JSC and VOC. We also fabricated other three
NF-OSCs to demonstrate the versatility of N-DMBI doping,
which were composed of PTB7-Th:ITIC, PTB7-Th:IT-4F and
PTB7-Th:IEICO-4F as the photo-active layers in devices. Similar
photovoltaic improvement can be observed, and the results are
shown in Fig. S10 and Table S6 (ESI).† To gain better insights
into the evolution of photovoltaic performance, the JSC and VOC
will be discussed individually for the three selected devices that
are undoped, doped with the optimal and excessive content in
the following context.

In terms of JSC, we rst estimated the photogenerated
current (Jph) from the current density differences under illu-
mination and dark conditions as shown in Fig. 5c and S11
(ESI).† From the plot, the exciton dissociation probability (Pdiss)
could be assessed by the ratio of the Jph and saturated current
(Jsat) at zero applied bias, and the results are listed in Table 1
(see the details in Experimental section). It can be seen that the
optimal device with 0.005 wt% N-DMBI affords the highest Pdiss
of 98.65%, which subsequently drops to 90.47% by adding
0.02 wt% N-DMBI, and this could be rationalized by GIWAXS
and TAS results. With increasing N-DMBI content, the
increasing D/A interspace could effectively retard interfacial GR
and the probability of exciton dissociation is therefore raised by
the prolonged exciton lifetime. On the other hand, the large
interspace caused by excessive dopants could hinder charge
transfer at D/A interfaces, which is undesirable to exciton
splitting. Moreover, the Jph of the optimized device rst arrive at
a saturation, which also proves the more efficient charge
transport and collection with less electric eld dependence.43 In
addition to exciton dissociation, the optical absorbance is also
intimately related to JSC. To compare the EQE spectra in Fig. 5d,
the optimized device with 0.005 wt% N-DMBI exhibits the
highest photo-response over the full range from 300 to 1050 nm,
which is consistent with the optical absorbance in Fig. 1b. From
the EQE spectra, the current densities (Jcal) of the devices con-
taining 0, 0.005 and 0.02 wt% N-DMBI dopant are integrated to
be 23.15, 26.05 and 25.55 mA cm�2, respectively, which has
a deviation of �5% relative to the JSC values obtained from J–V
measurement. From this point of view, the intensied EQE
18852 | J. Mater. Chem. A, 2022, 10, 18845–18855
photoresponse could be originated from the enhancement of
optical absorbance, which also contributes to the rise of JSC.

Since VOC is solely determined by the voltage loss associated
with radiative and non-radiative recombination, the light-
intensity dependent measurement was performed to investi-
gate the role of N-DMBI dopant.44 According to the power law,
JSC f (Pin)

a and VOC f ukBT/q ln(Pin), where Pin refers to various
illumination intensities, kB is Boltzmann constant, T is absolute
temperature, and q is elementary charge. In these two relations,
the constants of a and u describe the short-circuit bimolecular
recombination and the open-circuit trap-assisted recombina-
tion, respectively.45 As shown in Fig. 5e, the optimized device
with 0.005 wt% N-DMBI dopant possesses both moderate
a (0.95) and u (1.04) values, while the undoped and highly
doped devices obtain the a (0.98) and u (1.03) that are closest to
unity, respectively. These results imply that N-DMBI dopants
could suppress trap-assisted recombination but meanwhile
result in more bimolecular recombination. It is commonly
regarded that the second-order bimolecular recombination is
accomplished by the diffusion of opposite charge carriers
toward each other under the coulombic eld, while the rst-
order trap-assisted recombination is much faster since one of
the charges is immobilized within the traps. Therefore, the
reduced trap-assisted recombination with increasing N-DMBI
content could be ascribed to the trap lling effect, while the
competitive bimolecular recombination is increased concur-
rently as a result of higher probability of charge carrier anni-
hilation.5,11,38,46 Taken together, we nd an effective
compensation to the a deviation from 0.98 to 0.95 by
a remarkable drop of u from 1.49 to 1.04 when incorporating
0.005 wt% N-DMBI dopant. As a result, the total recombination
loss is appreciated to be reduced, giving rise to higher VOC. In
contrast, the a value is varied constantly to 0.93 at 0.02 wt% N-
DMBI content yet a decrease of u is only about 0.01 likely due to
the aforementioned poor doping efficiency and less ordered
lm structure. Therefore, the low VOC is obtained for those
devices containing excessive N-DMBI dopants.

With regards to FF, the change seems to be irregular for the
slightly-doped cells with 0.002, 0.005, 0.008 and 0.015 wt% N-
DMBI, but a more distinguishable drop of about 0.3 is observed
for the device with 0.02 wt% N-DMBI as shown in Fig. 5b. To
investigate the origin of such variation, we derived the cell
series resistance (RS) and shunt resistance (RSH) from the slopes
of the dark J–V curves as shown in Fig. S11 (ESI).† First, the RS

are calculated to be 6.45 � 0.31, 5.58 � 0.34, 4.76 � 0.40, 5.71 �
This journal is © The Royal Society of Chemistry 2022
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0.42, 6.13� 0.32 and 6.45� 0.31U cm2, while the RSH are 1.61�
0.08, 2.70 � 0.12, 5.26 � 0.09, 4.35 � 0.03, 3.13 � 0.12, and 0.99
� 0.04 KU cm2 for the devices contain 0, 0.002, 0.005, 0.008,
0.015 and 0.02 wt% N-DMBI, respectively. In terms of RS, it is
found to decrease with increasing dopant concentration from
0 to 0.002 and 0.005 wt%, which could be attributed to the
general doping effect of increasing charge carrier density. Then,
RS gets recovered for the higher N-DMBI content, which is
ascribed to the more disordered molecular packing. As for the
change of RSH, a similar trend was observed due to the varia-
tions in leak current. In the case of low doping concentration,
the increase in domain (crystal) size could also increase the
surface roughness yet lead to poor interfacial contact and high
leak current, which are consistent with the TP-AFM results as
shown in Fig. S7 (ESI).† To combine the effects of both RS and
RSH, the FF declines due to the lower RSH for the slightly-doped
devices, which might be compensated by the effect of the RS

reduction. However, RS cannot keep dropping while RSH could
turn to decrease when there are excessive dopants to impair the
orderness of molecular packing. That probably explains why the
change in FF seems to be more random in the slightly-doped
devices yet more severe in the heavily-doped device.

Stability is always concerned for the n-type doping due to its
reactive nature, and hence we performed the stability test for
the non-encapsulated devices in N2-lled glovebox. As shown in
Fig. S12 (ESI),† the stability of the doped cells is comparable to
that of the pristine cell, and all of them can retain more than
85% efficiency aer 288 h storage, even for the device that
contain high dopant content of 0.02 wt%. These results indicate
that the inclusion of small amount of N-DMBI has negligible
effects on device stability.

In parallel, a series of electrical measurements were con-
ducted to complement the above photoelectrical characteriza-
tion. Space-charge-limited current (SCLC) measurements were
performed to determine charge carrier mobility, which also
reects the bimolecular recombination of charge carriers in
dark condition. For the electron-only and hole-only devices
containing 0, 0.005 and 0.02 wt% N-DMBI, the J–V curves and
corresponding mobilities are shown in Fig. 5f (see the details in
Experimental section in ESI).† In accordance with the longest
OOP p–p stacking coherence revealed by the previous GIWAXS
measurement, the well-developed charge transport pathways
afford the highest electron mobility (me) of 6.17 � 10�4 cm2 V�1

s�1 and hole mobility (mh) of 8.31 � 10�4 cm2 V�1 s�1 for the
champion device with 0.005 wt% N-DMBI dopant (see the
details in Experimental section in ESI).† According to Langevin
theory, bimolecular recombination constant (kL) can be
described by an equation of kL ¼ q (303r)

�1 (me + mh), where q is
elementary charge, 30 and 3r are the vacuum and relative
dielectric constants, respectively. Compared with the light
intensity-dependent results, it appears to be contradictory for
the optimized device to obtain a moderate a yet the highest
mobilities. For one thing, the charge transportation is the most
balanced with me/mh of 0.74 in the optimized device, suggesting
the less space-charge accumulation for the undesired bimolec-
ular recombination.8 For another, given the reduced p–p

stacking distance as shown in Fig. 3a, the molecular
This journal is © The Royal Society of Chemistry 2022
polarizability is supposed to rise, thus giving higher 3r.47 To
validate this argument, we further utilized the technique of
metal-insulator-metal charge extraction by linearly increasing
voltage (MIM-CELIV) to qualitatively assess the dielectric
properties of the devices.48–50 The extracted current maximum
(tmax) and the displacement current plateau (j0) of each tran-
sient current peak are plotted in Fig. 5g as a function of voltage
offset, and the specic dark MIM-CELIV transients are shown in
Fig. S13 (ESI).† The mCELIV values derived from the slope of tmax

are on the order of 10�4 cm2 V�1 s�1, among which the opti-
mized cell displays the highest mCELIV of 9.48 10�4 cm2 V�1 s�1,
in good agreement with the above SCLC mobilities. Most of all,
the conjecture of increasing 3r is evidenced by the high j0 of the
optimized device according to the relation of j0 f 3r.48 In short,
both balanced carrier transportation and higher molecular
polarizability could mitigate the bimolecular recombination
loss for the best-performing device with 0.005 wt% N-DMBI
dopant.

Conclusions

In conclusion, we have systematically investigated n-doping of
the BHJ active layers in NF-OSCs to reveal the origins of
enhanced optical absorbance, prolonged exciton lifetime and
simultaneously increasing JSC and VOC. On account of high
interfacial energy, a small amount of N-DMBI dopant is incor-
porated to trigger the crystallization of PM6/Y6 lms and the
enlarged CCL derived from molecular packing motifs, in
accordance with the enhancement of optical absorbance. With
regard to photophysics, GR in neat PM6/Y6 lms is retarded by
included N-DMBI dopant, which we attribute to the mitigated
structural defects, and the possibly less strongly bound exci-
tons, in particular with Y6. For PM6:Y6 blends, a deceleration of
both GR and charge transfer at D/A interface is primely ascribed
to the increasing D/A interspace caused by N-DMBI intercala-
tion. Meanwhile, an optimum Pdiss suggests that exciton
dissociation is most effective at a discrete D/A distance wherein
GR is signicantly suppressed, which explains the simultaneous
increase of JSC and VOC in device with an optimal N-DMBI
content, delivering a best efficiency exceeding 15.3%. We
believe these ndings are critical to comprehend the underlying
mechanisms of n-doping in but not limited to PM6:Y6 based
NF-OSCs.
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