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ABSTRACT: Doping of organic semiconductors enhances the
performance of optoelectronic devices. Although p-type doping is well
studied and successfully deployed in optoelectronic devices, air stable n-
type doping was still elusive. We succeeded with n-type doping of
organic semiconductors using molecular dopant N-DMBI under
ambient conditions. Strikingly, n-type doping accounts for a gigantic
increase of the photoconductivity of doped thin films. Electrical and
optical properties of the n-doped molecular semiconductor were
investigated by temperature dependent conductivity, electron para-
magnetic resonance (EPR), and flash-photolysis time-resolved micro-
wave conductivity (FP-TRMC) measurements. A significant reduction
and saturation in activation energy with increasing doping level clearly
suggests the formation of an impurity band and enhancement in carrier
density. Computational studies reveal the formation of a charge transfer
complex mediated by hydrogen abstraction as the rate-determining step for the doping mechanism. The colossal enhancement
of photoconductivity induced by n-doping is a significant step toward optoelectronic devices made of molecular
semiconductors.
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1. INTRODUCTION

Molecular doping of organic semiconductors with electron
acceptors (p-doping) or electron donors (n-doping) increases
conductivities and enhances the performance of optoelectronic
devices by lowering energy barriers for charge injection and
reducing ohmic losses.1,2 Employment of doped multilayer
structures has been successful in advancing the device
efficiencies in organic photovoltaics,3−8 perovskite solar
cells,9 and organic light emitting diodes (OLEDs).10−17

Especially, p-type doping is extensively studied for a wide
range of different dopant/organic semiconductor combina-
tions.18−21 In contrast, efficient n-type doping is more difficult
to achieve, and a lack of stable n-type systems has so far limited
the realization of p-i-n multilayer structures. To achieve n-type
doping, semiconductor and dopant are required to fulfill the
following conditions: (i) both the n-dopant and n-type
semiconductor have to be stable in ambient atmosphere; and
(ii) the electron affinity of semiconducting material should
match or exceed the ionization potential of the dopant.22−24

The first ever case of n-type molecular doping of organic
semiconductors was achieved with tetrabutylammonium
salts.25 Recently, derivatives of reduced 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazoles (DMBI) such as

N-DMBI and DMBI dimers,26−29 e.g., (2-Cyc-DMBI)2, have
emerged as promising donors. Alternatively, radical ions
produced by cleaving of organometallic complex dimers30

such as Cr2(hpp)4 and (RuCp*(mes)2)2 can transfer electrons.
Nevertheless, there have been few reports on synthesis and n-
doping of small air stable molecular hosts at room temperature.
Jen et al.31 reported n-doping of quinoidal thienoisoindigo
nitrile (DCN) by ammonium and phoshonium salts in solution
at room temperature, leading to conductivities around 10−2 S
cm−1. Bao et al.32 synthesized several n-dopant precursors
based on benzimidazole derivatives for doping of fullerene in
solution.
The practical utility of molecular doped organic semi-

conductors motivated extensive efforts to understand the
fundamental doping mechanism,33−36 as microscopic under-
standing of the underlying physics and doping mechanism is
still lacking. Recently, Ortmann and co-workers have used
simulations and experimental techniques to resolve the Fermi
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energies and density of states for fullerene doped with
benzimidazoline radicals (2-Cyc-DMBI).35 The induced intra-
gap states and other parameters affecting the conductivity and
charge-carrier generation in films were analyzed systematically,
further correlating the doping efficiency and electronic
properties of organic semiconductors. Despite these studies,
the chemical instability at ambient conditions represents a
major challenge to extend the scope of doped organic
semiconductors in optoelectronic devices.
In this paper, we investigate the physical and electrical

properties of organic semiconductors, doped with n-dopant
(N-DMBI) at ambient conditions. The molecular structures of
dopant and host pairs and corresponding energy levels36,37 are
shown in Figure 1.
We systematically probed the formation of polarons in n-

doped solutions by UV−vis and near-IR (NIR) spectroscopic
measurements accompanied by electron spin resonance (ESR)
spectroscopy in drop-cast doped films. We then correlated
electrical properties of doped thin films with varying dopant
concentrations by performing bulk conductivity measurements

using two- and four-probe methods. The electrical conductivity
is strongly dependent on the dopant concentration up to a
threshold above which doping has no significant effect on the
electrical conductivity.
Further evidence of n-doping is provided by flash-photolysis

time-resolved microwave conductivity (FP-TRMC) measure-
ments, which found a stupendous enhancement of photo-
conductivity. We have rationalized this phenomenon with the
reduction in activation energy for doped films. These results
shed light on the importance of the energy levels of the n-type
dopant and host to obtain an air stable n-type doped thin film
of an organic semiconductor.

2. RESULTS AND DISCUSSION

To reveal the degree of chemical doping between dopants and
host matrices (SHex-CN and SeHex-CN), absorption spectra
were analyzed systematically by varying the amount of dopant
(Figure S1). All the measurements were carried out in the
solution state at ambient conditions. As shown in Figure 2a,
the neutral sample of SHex-CN exhibits clear dual band

Figure 1. Chemical structures and energy levels of host molecules SHex-CN and SeHex-CN (estimated from redox potentials) and n-dopant N-
DMBI.

Figure 2. UV−vis−NIR spectra of (a) SHex-CN and (b) SeHex-CN after addition of N-DMBI.
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vibronic features at wavelengths of 608 (0−1) and 650 (0−0)
nm. Sequential addition of dopant N-DMBI to SHex-CN
solution results in the emergence of new absorption peaks
corresponding to radical anion formation at a higher
wavelength of 878 nm.
To assign the bands, we carried out density functional theory

calculations on SHex-CN in chlorobenzene (for details, see
methods section in SI). Neutral SHex-CN is predicted to have
a single electronic absorption peak at 564 nm, which slightly
underestimates the wavelength of the observed absorption at
650 nm. Since no vibrations were calculated, the vibrational
shoulder at 608 nm is not reproduced (Figure S5). For the
radical anion, DFT predicts two polaron peaks at 1014 (weak)
and 784 nm (strong). The weak low-energy absorption is
mostly due to the HOMO−SOMO (singly occupied molecular
orbital) transition, and the strong peak is due to the SOMO−
LUMO transition.
These absorptions are typical for radical anions (and

cations). Simultaneously with the appearance of radical anion
absorptions, the dopant mixing results in a reduced intensity of
absorbance of the neutral sample. Since N-DMBI dopant
absorbs exclusively in the UV region below 350 nm, the in situ
spectra indicate effective charge transfer from N-DMBI to
SHex-CN in solution and n-type chemical doping of SHex-CN.
The doping process was accompanied by a distinct color
change. The color changed slowly from blue to pale green and
finally to pale blue. A similar trend was observed in the case of
SeHex-CN doping with N-DMBI (Figure 2b). During the
course of addition of N-DMBI solution to pure SeHex-CN in
chlorobenzene, a strong polaronic peak gradually intensified at
885 nm, which was accompanied by bleaching of the
absorption peaks of the neutral species at 600 and 640 nm.
UV−vis−NIR spectra were also analyzed in thin films to

confirm the chemical doping of SHex-CN (Figure S2). The
pristine SHex-CN film shows a broad absorption ranging from
550 to 1050 nm. Introduction of N-DMBI leads to the
appearance of a new broadened peak at 990 nm, owing to
charge transfer from N-DMBI to SHex-CN in the solid state.
The stability of anions and plausible doping mechanisms

were investigated theoretically (for details, see methods section
in Supporting Information). Theory reproduces the spectral
changes upon doping and confirms therefore the formation of
anion radicals. The doping reaction between SHex-CN and N-
DMBI is initiated with either a hydrogen or hydride transfer ,
resulting in formation of SHex-CN radical anions as products
(Figure S6a). This is in agreement with previous reports on
mechanistic investigations of N-DMBI doped fullerene.28,32

The n-type chemical doping of SHex-CN and SeHex-CN
was also followed by electron spin resonance (ESR) spectros-
copy. ESR spectra were collected of drop-cast pristine and
doped films under ambient conditions. Both pure SHex-CN
and SeHex-CN samples do not exhibit ESR signals. The
addition of 5 and 10 wt % dopant leads to the appearance of
intense resonant ESR signals at a magnetic field of 3350 G,
reflecting the formation of radical anions (Figure 3). The
corresponding g-values are 2.004 and 2.003 for SHex-CN and
SeHex-CN doped with 10 wt % N-DMBI, respectively. The
exclusive evolution of a sharp ESR peak on addition of dopant
confirms effective n-doping and electron injection in the solid
state, in accordance with UV−vis−NIR absorption spectra.
The combination of ESR and UV−vis−NIR spectroscopy
experiments carried out at ambient atmosphere proves that n-
doped SHex-CN and SeHex-CN are air stable.

In order to understand the effect of doping on photo-
conductivity and photoinduced charge transfer in bulk films,
we have carried out flash-photolysis time-resolved microwave
conductivity (FP-TRMC) experiments for neutral and doped
samples. This is a fast, reliable, and electrodeless technique to
measure intrinsic photoconductivity as φΣμ, where φ is the
carrier generation quantum yield upon photoexcitation, and
Σμ is the sum of intrinsic charge-carrier mobilities, i.e., the sum
of hole and electron mobilities (μh and μe), respectively. SHex-
CN and SeHex-CN stock solutions were prepared in CHCl3
having a concentration of 6 mg/mL. N-DMBI (dissolved in
CHCl3) was added in wt %, and the resulting solutions were
kept for stirring in glovebox overnight. All the films were
prepared by drop-casting at room temperature from the
corresponding solutions.
Upon photoexcitation with a 355 nm laser, both pristine

films of SHex-CN and SeHex-CN showed photoconductivities
of 3.8 × 10−5 and 2.4 × 10−5 cm2 V−1 s−1, respectively as
shown in Figure 4a. A sharp increase in photoconductivity was
observed for SHex-CN upon doping with 1 wt % N-DMBI,
which further increased with the increase in concentration of
dopant to 5 and 10 wt %. A 32-fold enhancement in φΣμ was
observed with the maximum value of transient photo-
conductivity as 1.2 × 10−3 cm2 V−1 s−1 for the 10 wt %
doped sample. Such an increase in photoconductivity
compared to that of pure Shex-CN arises due to the efficient
photoinduced charge transfer from n-dopant to the semi-
conductor.
The magnitude of φΣμ shows a prompt rise after addition of

dopant to SHex-CN, but the overall kinetic profiles show
similar transient decay rates with minimal change. This
indicates that doping induced electron transfer to the
semiconductor generates a significant concentration of intrinsic
charge carriers, thereby improving φ followed by higher φΣμ
numbers. Similarly, we have assessed the photoconductivity of
SeHex-CN, before and after doping with N-DMBI using FP-
TRMC measurements. All the films were excited with a 355
nm laser pulse. Compared to pristine SeHex-CN, φΣμ of the 1
wt % N-DMBI doped sample increases by 5 orders of
magnitude to 9.6 × 10−5 cm2 V−1 s−1. On doping to 5 and 10
wt %, a maximum photoconductivity value at 10 wt % of 1.7 ×
10−3 cm2 V−1 s−1 is reached, which corresponds to a 70-fold
rise in photoconductivity compared to the pristine sample
(Figure 4a). This is one of the highest values of photo-
conductivity achieved for the n-type doped organic semi-
conductors. For a better analysis, the maximum value of
photoconductivity φΣμmax has been plotted for all samples

Figure 3. EPR spectra before and after addition of N-DMBI to SHex-
CN and SeHex-CN.
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with varying dopant concentration in Figure 4b, which shows a
saturation plateau with 10 wt % dopant.
We have carried out bulk conductivity measurements to

evaluate the effect of doping on the charge-carrier density of
SHex-CN and SeHex-CN. The doping concentration depend-
ence on electrical conductivity is plotted for both of the hosts.
The conductivity measurements were performed for drop-cast
films by two- and four-probe methods. As shown in Figure 5,

the pristine sample of SHex-CN shows very low conductivity
around 10−6 S/cm. Gradual addition of N-DMBI leads to an
exponential increase in conductivity with the highest value of
0.01 S/cm achieved for the 10 wt % N-DMBI doped film
(Figure 5). At a low concentration of guest molecules, dopants
begin filling deep-lying traps, improving transport through the
film. The influence of trap defects and partial activation of
dopants in organic materials is responsible for significant
conductivity values even at higher dopant concentrations.
We further increased the dopant concentration from 11 to

15 wt %, but the sample displayed lower conductivity. A drop
in conductivity as a result of disrupted morphology is observed
when a large fraction of dopant molecules per host are
introduced into the crystal lattice. The conductance measure-
ments of SeHex-CN samples after doping with N-DMBI show
a similar trend. However, the maximum value of electrical
conductivity achieved for doped SeHex-CN films is much
higher, up to 0.1 S/cm at 10 wt % doping. As discussed above
in optical and EPR spectroscopic studies, there is clear

evidence of generated polarons or free charge carriers after
addition of n-dopant in both the solution and solid state. This
suggests that the presence of doping-induced charge carriers
are responsible for increasing the conductivity of both
materials. A particular trend was followed for all plots of
electrical conductivity versus doping concentration in both
samples. For SHex-CN, a gradual improvement in conductivity
was observed upon increasing the amount of N-DMBI from 1
until 10 wt %, raised by about 104 times for 10 wt % doped film
as compared to the pristine sample.
To quantitatively understand the nature of electronic

transport in the doped films and the impact of doping, we
carried out low-temperature measurements for various doping
concentrations. The measurements were performed in a
cryostat under high-vacuum conditions (∼10−6 mbar) in a T
range between 140 to 305 K. The linearity of the source drain
bias (VDS) vs source drain current (IDS) characteristics (IDS−
VDS) across all temperatures and doping concentrations
ensures good ohmic contact between the film and the gold
electrodes. Figure 6a,b presents the IDS− VDS characteristics at
different values of T from samples with doping concentrations
of ∼10 and 1 wt %, (see Figure S7 for IDS− VDS characteristics
from the undoped sample). Conductance increases as T
increases in all samples across various values of doping, which
indicates the semiconducting nature of the film. Conductance
(G I

V V

d
d 0

=
=
) as a function of T−1 for all samples with various

values of doping concentration, ranging from 0 (undoped film)
to 10 wt %, is presented in Figure 6c. The arrow indicates the
incremental values of doping. The temperature dependence of
G was found to follow the Arrhenius relation G = Aexp(−ΔE/
kBT), signifying the activated nature of charge-carrier transport
across the semiconducting channel at all doping concen-
trations. Here, ΔE is the thermal activation energy, and kB is
the Boltzmann constant. A is a prefactor, which can be
considered to be a constant for a particular doping
concentration. ΔE is calculated from the slope of ln G vs 1/
kBT in the higher T regime. ΔE as a function of doping
concentration is presented in Figure 6d.
Charge-carrier transport via thermally activated mechanism

is very common for organic semiconductors.38−40 In this
mechanism, the electrons (e) from the Fermi level (EF) are
thermally activated above the mobility edge, overcoming ΔE =
Eμ − EF to contribute to charge transport. Here, the T
dependent variation of Eμ is negligible, because the variation of
thermal energy (kBT varies from ∼13 to ∼26 meV) in our

Figure 4. (a) Transient photoconductivity of drop-casted films after doping of pristine SHex-CN and SeHex-CN with different doping
concentrations of N-DMBI. (b) Plot of maximum φΣμ with dopant concentration.

Figure 5. Electrical conductivity as a function of increased dopant
concentration for thin films of SHex-CN and SeHex-CN doped with
N-DMBI.
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experimental T range (from 140 to 305 K) is significantly
smaller than the ΔE and the width of the Gaussian density of
states (DoS) of the conduction band. In solid-state semi-
conductors, EF is raised by increasing doping (n-type doping),
and hence, ΔE is reduced. In our case, however, ΔE is
observed to decrease with increasing doping up to 2 wt % and
then saturates at ∼180 meV as doping is increased to 10 wt %.
This weak doping dependence of ΔE of SHex-CN suggests
that there occurs a sharp peak in the DoS approximately 180
meV below Eμ (equivalent of the conduction band (CB)
minimum), which we identify as the impurity band. This
impurity band is possibly created by DMBI dopants and lies
∼1.5 eV above the valence band (VB) maximum of SHex-CN.
Although such saturation of ΔE can also be created by the
Gaussian DoS of the LUMO band (conduction band) of
SHex-CN, the position of the impurity band is consistent with
absorption spectra of N-DMBI doped SHex-CN, where a sharp
absorption peak is observed at 1.5 eV. Notably, the
temperature dependence of G was found to be inconsistent
with the variable range hopping scenario, which involves
transport in the band tail and can be found in the Supporting
Information (Figures S8 and S9). The experimentally observed
Fermi level pinning is schematically explained in Figure 6e,
presenting a tentative DoS vs E diagram. In this situation, EF
does not change with increasing doping concentration due to
the presence of DB with a sufficiently high DoS, as
experimentally observed in Figure 6d.
Powder X-ray diffraction was used to collect distinctive

diffraction patterns of neutral and n-doped samples. Analysis of
pristine samples SHex-CN and SeHex-CN showed high
crystallinity giving rise to sharp diffraction peaks. Figure S10
shows the powder X-ray patterns as obtained for SHex-CN
(blue) and SeHex-CN (red).

The diffractograms of both the molecules consist of multiple
peaks within 2θ = 3−30°. The d-spacing of the peak positioned
(100) corresponding to a 2θ value 8° in SHex-CN increases to
9.1° for SeHex-CN. The incorporation of the selenium atom in
the molecular backbone instead of sulfur leads to an obvious
red shift in d-spacing, owing to the bigger atomic size of Se
compared to S and greater interelectronic repulsion in case of
the Se based system. The d-spacing of 3.7 Å corresponding to
2θ = 23.9° for SHex-CN and 3.2 Å (2θ = 27.4°) agrees well
with the intermolecular π−π stacking distance as obtained
from the single crystal X-ray diffraction experiments (d = 3.6 Å
for SHex-CN and 3.3 Å for SeHex-CN).41−43

Upon doping SHex-CN with N-DMBI, the X-ray diffraction
pattern exhibits very low-intensity peaks at same 2θ positions
as the pristine sample. This implicates that the ordered
structure and orientation between SHex-CN molecules could
not be retained after doping, reflecting low crystalline packing
in the doped state. However, the lamellar packing and π−π
stacking distances remained the same after mixing SHex-CN
with N-DMBI as that in pure material. The decrease in the
intensity of diffraction peaks after increasing the dopant
concentration from 0 to 10 wt % with no resultant peak shifts
implies that smaller crystalline aggregates with N-DMBI
occupying the grain boundaries in the amorphous phase
outside the crystal. The primary filling of trap defects by N-
DMBI molecules and resulting radical anion consisting of small
size crystalline grains results in a homogeneous and
uninterrupted charge-carrier conduction tail. These doping
modified structural changes in SHex-CN are congruous with
the enhanced electrical conductivity measured for doped
SHex-CN samples. Powder XRD performed for doped SeHex-
CN provided similar results with a lowered intensity of
crystalline peaks.

Figure 6. Signature of Fermi level pinning in activated transport behavior: (a,b) IDS−VDS characteristics at different temperatures (from T = 140 to
305 K) for films with 10 and 1 wt % doping concentrations, respectively (the arrows indicate incremental T). (c) G vs T−1 plot for all films with
various doping concentrations (the arrow indicates incremental doping concentration). (d) ΔE vs doping and (e) illustration of Fermi level pinning
by the donor band. The Fermi level increases from zero doping (red-dashed line) until it is pinned due to the addition of dopants (yellow line).
The high DoS in the CB and the VB of SHex-CN is presented by the green- and the orange-shaded regions. The sharp midgap DoS of the donor
(N-DMBI) band (DB) is indicated by the blue-shaded region. The thick blue arrow shows that the DoS of the DB increases with the increasing
doping concentration. The green- and red-dashed horizontal lines indicate Eμ and EF, respectively. The 1.7 eV band gap of SHex-CN is indicated by
the black vertical arrow. Thermal activation of electrons from EF to Eμ is presented by the black curly arrow.
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3. CONCLUSIONS
We have systematically established the n-doping of organic
semiconductors SHex-CN and SeHex-CN with the dopant N-
DMBI at ambient conditions. The combination of UV−vis−
NIR and EPR spectroscopic measurements confirms the
concomitant evolution of polaronic character with quenching
of neutral species. The electrical and time-resolved con-
ductivity (FP-TRMC) measurements lead to a maximum
conductivity of 0.1 S/cm and remarkable photoconductivity
values on the orders of 10−3 S/cm for N-DMBI doped SeHex-
CN. This is one of the highest recorded transient photo-
conductivities for small n-doped organic molecules. Thermally
activated band transport observed at various doping concen-
trations reveals clear signatures of Fermi level pinning by an
impurity band and suggests a doping mechanism by charge-
carrier transfer from an impurity band to the conduction band
edge rather than doping in band tails. The enhanced
photoconductivity induced by doping at ambient conditions
needs further exploration of doped molecular semiconductors
in optoelectronic devices.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. Prior to doping with N-DMBI, both

the semiconductors SHex-CN and SeHex-CN were dissolved in
chlorobenzene with individual concentrations of 10 mg/mL. N-DMBI
was also dissolved in the same solvent with a concentration of 2 mg/
mL. N-DMBI solution was added in increasing weight percentages (1
to 10 wt %) to nitrile solutions. The resulting mixture was kept for
stirring overnight, aiding considerable interaction between the host
and dopant. The doped solutions were later utilized for drop-casting
films.
4.2. Flash-Photolysis Time-Resolved Microwave Conductiv-

ity. Photoconductivities of all the doped and undoped samples were
evaluated by flash-photolysis time-resolved microwave conductivity
(FP-TRMC) at room temperature under N2 atmosphere. Charge
carriers were photochemically generated by using identical third
harmonic generation from a Spectra-Physics INDI-HG Nd:YAG laser
with a pulse duration of 5−8 ns operated at 10 Hz. The photon
density of a 355 nm pulse was 1.8 × 1015 photons cm−2 for FP-
TRMC. The doped and undoped films of TDPP-Hex-CN4 and
SeDPP-Hex-CN4 were prepared by drop-casting over quartz slides
from their corresponding solutions (solvent: chloroform, concen-
tration: 6 mg/mL) at room temperature under ambient conditions. In
FP-TRMC measurements, the microwave frequency and power were
set at ∼9.1 GHz and 3 mW, respectively, so that the electric field of
the microwave was sufficiently small not to disturb the motion of
charge carriers. Photoconductivity transients, demodulated through a
GaAs crystal diode with Schottky barriers (rise time < 1 ns), were
monitored by a Tektronix model TDS3032B digital oscilloscope. The
time constant (τ) of the present TRMC system was then determined
by the Q-value of the microwave cavity (Q = 2000), leading to τ = Q/
2f ≈ 100 ns, where the films over quartz were loaded at the point of
the electric field maximum. Observed conductivities were normalized,
given by a photocarrier generation yield (φ) multiplied by sum of the
charge-carrier mobilities (Σμ), according to the equation, φΣμ = (1/
eAI0Flight)(ΔPr/Pr), where e, A, I0, Flight, Pr, and ΔPr are the unit charge
of a single electron, the sensitivity factor (S1− cm), the incident
photon density of the excitation laser (photon cm−2), the correction
(or filling) factor (cm−1), and the reflected microwave power and its
change, respectively.
4.3. Electrical Characterization. The samples were spin-coated

on the glass substrates having predeposited metal electrodes for
electrical conductivity measurements. Glass slides (15 × 15 × 1 mm)
were thoroughly cleaned using ultrasonication in an acetone bath,
rinsed in IPA, and blow-dried with an N2 gun inside a class 1000
cleanroom environment. Cr/Au (5 nm/50 nm) metal electrodes in
four-probe geometry were thermally evaporated under high vacuum

(<10−6 mbar) on top of the glass slides using precisely cut steel masks.
All the temperature dependent electrical characterizations were
performed in variable temperature cryostats under high vacuum
(<10−6 mbar). A Keithley SMU 2400 was used as a DC voltage source
and ammeter. The samples were directly mounted on a Cu block on
top of the heater of the cryostat. A Si diode, placed close to the
sample, was used as a temperature sensor. A LakeShore 325
temperature controller was used to precisely (error < 0.1 K) control
and measure the sample temperature. Data acquisition was automated
using the NI LabView interface.
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