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 Since n–n heterojunction theory was put forward in the 

1950s, [  1  ]  it has been considered very useful for modeling 

one-side-modulation-doped fi eld-effect high-mobility elec-

tron transistors (HMETs) and single/double quantum wells, 

as well as investigating 2D electron gas (2DEG) in solid-

state physics. [  2  ]  In general, an n–n heterojunction consisting 

of two n-type semiconductors with different Fermi levels, 

forms electron accumulation/depletion regions at either 

side of the heterojunction. Charge transport is dominated 

by majority carriers (electrons) and requires a poten-

tial barrier to confi ne minority carriers into a small active 

region in order to effectively reduce the diffusion length of 

these minority carriers. [  3  ]  The main diffi culty in the opera-

tion of an organic (opto)electronic device is effi cient charge 

injection from an electrode, [  4  ]  so to reduce contact resist-

ance at interfaces and to achieve a desired band-offset is 

nontrivial. [  5  ]  Another hurdle involves the design of effi -

cient organic (opto)electronic devices, in which an organic 

donor–acceptor (D–A) interface plays a crucial role in the 

charge generation and separation processes. Convention-

ally, a D–A interface is viewed as occurring at a p–n hetero-

junction. [  6  ]  Indeed, if and when a D–A interface with an 

induced density of interfacial states can be achieved at an 

n–n heterojunction by techniques such as impurity- and 

dipolar-modulated charge-doping, it could be used as an 

alternative to explore novel (opto)electronic devices with 

extensive material combination and new functional prop-

erties, for example, a switchable, bidirectional photo/elec-

tric-current fl ow instead the unidirectional fl ow in a p–n 

heterojunction. Of course, a problem of the commonly used 

impurity charge-doping that has persisted is the nontun-

ability of the doping charge density. Surface modifi cation by 

dipoles occurring on an atomic length scale in the neighbor-

hood of the interface has proven very successful in intro-

ducing changes in the interfacial composition and structure, 

modifying band-offset, and improving charge transport. [  7,8  ]  
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Therefore, polar surface modifi cation or dipolar-modulated 

charge-doping with a tunable doping charge density, rather 

than the usual impurity doping, is expected to facilitate the 

fabrication of effi cient n–n heterojunctions. [  3  ]  

 From this perspective, we developed here a dipolar-modu-

lated charge-doped trilayer organic semiconductor n–n heter-

ojunction (  Scheme 1  ), a trilayer confi guration constructed by 

layer-by-layer (LBL) spin-coating of polar electret hydrogel 

poly(vinyl alcohol) (PVA), n-type semiconductor fullerene 

derivative phenyl-C 61 -butyric acid methyl ester (PCBM), and 

self-synthesized, air-stable n-type semiconductor perylene 

bisimide (PBI) onto an indium tin oxide (ITO) electrode. Its 

thickness and in-plane dimensions are: PVA ( ≈ 500–600 nm, 

 ≈ 2 mm  ×  2 mm), PCBM ( ≈ 10–20 nm,  ≈ 2 mm  ×  2 mm), PBI 

( ≈ 30–100 nm,  ≈ 2 mm  ×  2 mm) (see Supporting Information 

(SI), Figure S1–S3).  

 In the trilayer confi guration, an important function of 

PBI is to generate excitons (charge pairs) due to its ability 

to absorb and harvest visible light (SI, Figure S4). PCBM 

is mainly used to carry out both charge separation through 

D–A interface [  9  ]  and carrier transport, owing to its relatively 

high mobility of electrons and holes (ambipolar transport 

characteristics). [  10–11  ]  However, neither PBI nor PCBM single 

layers are suitable to be directly applied in effi cient (opto)

electronics due to the domination of hole–electron recombi-

nation. [  12  ]  A two-layer combination of PBI/PCBM was then 

used to construct an n–n heterojunction. For establishing a 

band discontinuity with the desired barrier height in an n–n 

heterojunction, an abrupt interface through LBL instead of 

bulk blending is necessary, as demonstrated previously [  13  ]  

and verifi ed by a contrast optoelectronic experiment of PBI 

and PCBM bulk-blending (SI, Figure S5). Even so, to get an 

optoelectronic response of the PBI/PCBM bilayer through 

LBL growth is still operationally diffi cult (SI, Figure S6B,C). 

This could be attributed to four main factors: 1) the extrinsic 

defects and disorder or traps in PCBM fi lms considerably 

mask charge transport in organic materials and lead to an 

increase in contact resistance at the interface close to the 

ITO electrode. [  14  ]  2) The large population of intrinsic elec-

trons near the Fermi level of the ITO electrode far exceeds 

that of photoelectrons, so the output optoelectronic signal 

is annihilated in the dark current. 3) Oxidation degradation 

and thermal instability are both issues for n-type organic 

semiconductor PCBM. [  15  ]  4) The lowest occupied molecule 

orbital (LUMO) level and highest occupied molecule orbital 

(HOMO) levels between PBI and PCBM are almost equal 

(LUMO: 3.6 eV/3.75 eV and HOMO: 6.15 eV/6.1 eV; see SI, 

Figure S6B,C). [  16,17  ]  In order to tune the conduction band 
1H & Co. KGaA, Weinheim wileyonlinelibrary.com



J. Liu et al.communications

     Scheme  1 .     a) Schematic illustration of PBI/PCBM/PVA trilayer n–n heterojunction with switchable bidirectional electron fl ow and organic molecular 
structures. Corresponding to bias, the dipolar direction of PVA and polar-modulated charge-doping can be tuned. An effi cient bidirectional electronic 
transport is then introduced, which is functionally similar to a switch between donor and acceptor at the n–n interface. b) Dipole-induced barrier 
 Δ   Φ   b , conduction and valence band discontinuities  Δ  E  C  and  Δ  E  v  at the PBI/PCBM n–n interface. The three steps for generation of photocurrent 
are labelled: exciton generation (1), charge separation (2), and transport (3). c) Sketch of band-bending and charge trapping at PCBM/PVA and 
PBI/PCBM interfaces, the dipolar-modulation induced 2DEG at the PBI/PCBM n–n interface, molecular dipolar alignment, and the major charge 
(electron) transport from D → A. Also see SI, Figure S6A,B and Figure S9.  
discontinuity ( Δ  E  C ) and suppress the unfavorable factors, 

deposition of a polar electret material on the electrode sur-

face should be a suitable approach. [  18  ]  The role of the local 

dipoles generated in the interface region has been high-

lighted in a variety of theoretical and experimental works, [  19  ]  

where a charge-injection barrier can be created at the elec-

trode/organic interface. In general, the barrier height ( Δ   Φ   b ) is 

given by  Δ   Φ   b   =  4 π   δ  , where   δ   is the surface dipole density. [  20  ]  

Clearly, the band alignment can be tuned by applying an 

electric fi eld bias that leads to changes in   δ  . Furthermore, the 

large dipole density occurring at the interface pinning to the 

Fermi level will introduce an abrupt change of surface states 

(SI, Figure S6A). 

 Conventionally, PVA, a semicrystalline polar hydrogel 

material, usually serves as the dielectric insulator due to its 

large optical bandgap (4.84–5.44 eV). [  21  ]  However, its ionic 

conductivity can be tailored by thermally generated carriers, 

suitable dopant materials, or   γ  -radiation, altering the phys-

ical properties of PVA and/or the host matrix. [  22–25  ]  It seems 

reasonable to expect that the conductivity of PVA could 

be also tailored by attaching photoactive organic semicon-

ductor layers onto it. In our optoelectronic experiment, the 

photoinduced conductivity and piezoelectricity have been 

discovered in the LBL constructions of PVA and photo-

active organic semiconductors (SI, Figure S8), whereas pure 

PVA did not exhibit such behavior (SI, Figure S7). On the 

other hand, we noted that PVA as an electret material, that 
2 www.small-journal.com © 2012 Wiley-VCH Verlag G
has quasi-permanent charge storage or dipole polarization 

due to rich hydroxyl (OH  − 1 ) groups, [  26  ]  promises tunable 

polarity, governing transport and accumulation of charge 

carriers at the contact interface. Here, PVA in contact with 

PCBM tends to modify the semiconductor band lineup or 

conduction band discontinuity ( Δ  E  C ) by dipolar-modulated 

charge-doping at the PCBM/PVA interface, which plays 

an important role in the PBI/PCBM/PVA trilayer n–n het-

erojunction in terms of orienting permanent dipoles, trap-

ping charges near the heterogeneous grain boundaries 

(Scheme  1 c). On the grounds of the ambipolar transport 

nature of PCBM, [  10–11  ]  the redistribution of charge density 

at the PBI/PCBM n–n heterojunction brings about a new 

band discontinuity by means of polar modifi cation. The band 

discontinuity will be approximately determined by lining up 

the ‘charge neutrality level’. When the levels are not aligned, 

charges would fl ow between the two materials (Scheme  1 a–c). 

As shown in Scheme  1 a, there exists a substantial bidirec-

tional control of electron transport in an n–n heterojunction, 

different to the unidirectional transport in a p–n heterojunc-

tion. Corresponding to reversing the bias between  −  V  and 

 +  V , the energy band structure between the accumulation 

and depletion regions of majority carriers (electrons) at the 

PBI/PCBM n–n interface, along with the reversible direction 

of system polarity, can be transformed, leading to an altera-

tion of the density of inter facial states functionally similar to 

the transformation between donor and acceptor (Scheme  1 c 
mbH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201101776
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     Figure  1 .     a) The time-dependent photocurrent features under bidirectional bias control. b) The bias-dependent dipolar barrier height  Δ   Φ   b . Due to 
charge offset by OH  − 1  groups at PVA surface, the dipolar barrier  Δ   Φ   b  induced by  +  V  is lower than that by – V . c,d)  I – t  plot and schematic illustration 
of the time-dependent changes to the PVA layer, comparing freshly prepared and 3-month-preserved samples.  
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and SI, Figure S9). In other words, as PCBM is charge-doped 

by means of dipolar modulation, the PBI/PCBM n–n junc-

tion is transformed into an n–n  +   junction or an n–n  −   junction 

(n  +  , n  −   represent PCBM doped by opposite charges). In prin-

ciple, the bidirectional control mechanism of the photocur-

rent can be explained according to self-consistent theory, [  16  ]  

and the systematic changes to the bidirectional photocurrent 

at different biases of - V  and  +  V  is illustrated in   Figure 1  a. 

In addition, due to band-bending at – V , some of the photo-

generated holes and electrons are confi ned by an approxi-

mately triangular potential near the PCBM/PVA and PBI/

PCBM interfaces, respectively, and form a 2DEG at PBI/

PCBM interface (Scheme  1 c). It should be noted that the 

dipolar barrier ( Δ   Φ   b ), bias-tunable via PVA-surface injec-

tion (Figure  1 b), dominates the molecular dipole across the 

PCBM, which in turn controls the 2DEG density at the PBI/

PCBM interface (Scheme  1 c and SI, Figure S9). Such prop-

erties make the PBI/PCBM/PVA n–n heterojunction very 

attractive for HMETs.  

 It can be seen in Figure  1 c that the initial macroscopic 

transient delay to constant photocurrent density  I  takes 

several tens of seconds (time  t ) after the laser is switched 

on under - V . In fact, the time scale of the transient delay is 

closely related to the structures of the different materials, 

for example poly(phenylene vinylene) (microseconds), [  27  ]  

pentacene (several tens of seconds) [  28  ]  and semi-insulator 

GaAs at low temperature (a few hundreds of seconds). [  29  ]  

This is thought to be mainly due to the impact of deep-level 

trapping on the free-carriers. In our experiment, we found 

that preserving samples at room-temperature was a partial 

solution to the trapping impact, particularly improving the 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201101776
photocurrent density compared with freshly prepared sam-

ples (Figure  1 c). It is shown that, by long-time annealing 

(3 months) in air at room temperature, PVA absorbs mois-

ture and forms swollen polymer networks, which can be 

easily permeated by metal and organic ions from ITO 

electrodes and PCBM layers (Figure  1 d). In that way, the 

ionic conductivity of PVA layer was improved, [  30  ]  which 

implies also that PVA can, to some extent, protect photo-

active semiconductors against degradation caused by oxida-

tion, thermal decomposition or photopolymerization under 

strong laser illumination, and diffused metal ions. As to 

the observed transient delay of  I  under – V  after the laser 

is switched off (Figure  1 c), it is a favorable optoelectronic 

phenomenon termed ‘persistent photoconductivity’, which is 

usually found in inorganic materials at low temperature [  31  ]  

and occasionally in organics. [  32  ]  Such persistent photocon-

ductivity denotes the presence of a degenerate 2DEG. More 

interestingly, associated with the intrinsic polarity of the 

trilayer n–n heterojunction, photocurrent at zero bias can 

also be induced (  Figure 2  a). Correspondingly, the sum of 

free transported charge density and released charge density 

( Δ  Q ) by 2DEG can be derived from Figure  2 a according to 

 |  Δ  Q  |   =   ∫  |  I  | d t  (Figure  2 b), in which the former  |  Δ  Q  |   =  2.16  ×  

10 11  e cm  − 2  from 0 to 30 s under illumination, and the latter 

 |  Δ  Q  |   =  2.83  ×  10 10  e cm  − 2  from 0 to 10 s in the dark. This 

substantial zero-bias optoelectronic phenomenon indicates 

the possibility of constructing a photodetector or memory 

device driven by the optic fi eld alone, revealing that the 

conductivity and piezoelectric behavior of PVA results from 

the trapping of photoinduced charge carriers in photoactive 

semiconductor layers. These results neither follow standard 
3bH & Co. KGaA, Weinheim www.small-journal.com
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     Figure  2 .     a,b)  |  I  | – t  and  |  Δ  Q  | – t  plot under zero bias, respectively. c) The energy renewable  I–t  plot with the laser on and off at 100 V under different 
light intensities: 20 ( � ), 40 ( � ), 60 ( � ), and 80 ( � ) mW cm  − 2 . d) The nonlinear  I – P  in  plot ( � ) and third-order polynomial fi tting (– –):  I   =   − 2.256  ×  
10  − 2   +  1.787  ×  10  − 1   P  in   −  3.070  ×  10  − 3   P  in  2   +  2.870  ×  10  − 5   P  in  3 , with determination coeffi cient 0.999.  
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thermionic emission theory, nor obey tunneling through a 

simple potential barrier: there is no complete analytic theory 

except for a hybrid mechanism of the Poole–Frenkel effect 

and the ionic conductive mechanism. [  4  ,  33–35  ]   

 In order to evaluate the reliability of the designed con-

fi guration, we have carried out optoelectronic experiments 

with the laser on and off at a constant bias and different 

incident laser intensities  P  in  (Figure  2 c). The stable photo-

current density  I  versus  P  in  shown in Figure  2 d is found to 

closely fi t the third-order polynomial relation. The same 

phenomenon is also observed in other PVA-coupled con-

fi gurations (SI, Figure S10). It can be therefore concluded 

that the coupled polar dielectric layer PVA highly supports 

the thermal and mechanical stability of the trilayer and 

makes it possible to display energy renewable optoelec-

tronic features. 

 To better understand the function of organic n–n 

hetero junction in optoelectronic response, it is important 

to investigate the difference between the PBI/PCBM/PVA 

trilayer n–n heterojunction and PBI/PVA bilayer without 

n–n heterojunction. Firstly,  I – V  characteristic of the tri-

layer is asymmetric for voltage sweeping in both direc-

tions ( Figure    3  c, SI, Figure S11), while that of the bilayer 

is symmetric and Ohmic (Figure  3 a–c). This shows that the 

rectifying mechanism of the trilayer is analogous to the 

rectifying and inverse-rectifying characteristics from n–p 
4 www.small-journal.com © 2012 Wiley-VCH Verlag Gm
and p–n heterojunctions, respectively. Secondly, the photo-

current density of the trilayer is increased up to three orders 

of magnitude greater than that of bilayer, which is in accord 

with the charge-separation functions of the donor/acceptor 

at a p–n heterojunction. [  6  ]  Furthermore it needs not to worry 

about the reverse bias breakdown, which generally occurs 

in single p–n hetero junctions. Experimentally, we underline 

that organic-based approaches do not rely on conventional 

single p–n heterojunctions for their functions, but are based 

upon charge separation at a D–A interface. [  36  ]   

 In the trilayer architecture the photocurrent behaves 

like a leakage current in a fi eld-effect transistor (FET), 

so the drawback for traditionally using polar polymers as 

gates [  37  ]  indeed becomes the merit of the heterojunction, 

in which it either lacks a fi eld-driven channel for energy 

dissipation or provides a path to make use of the dissi-

pated energy in combination with FETs. It is important to 

stress, once again, that dipolar-modulated charge-doping is 

an effi cient approach to control charge injection and then 

band discontinuity, which will enable more organic mate-

rials to be used for the design of novel organic (opto)elec-

tronic devices by means of a simple deposition process. We 

expect that what may be viewed as technological hurdles 

should, in fact, lead to a new approach to an n–n hetero-

junction and extensive application of polar materials in 

organic (opto)electronics.  
bH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201101776
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     Figure  3 .     a)  I – t  and b)  I – V  plot of PBI/PVA bilayer. c) Comparison of  I–V  plots between PBI/PCBM/PVA trilayer and PBI/PVA bilayer.  
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 Experimental Section 

  Material : PVA (87–89% hydrolyzation, MW  ≈  85 000–140 000 
g mol  − 1 ), PCBM (MW  =  910.9 g mol  − 1 ) and ITO transparent elec-
trode were obtained from Aldrich Chemical Company, Solenne. 
bv, Sigma Corp. and Präzisions Glas & Optik GmbH, Germany, 
respectively. Air-stable n-type semiconductor PBI was synthesized 
according to the approach reported by Würthner and Kaiser. [  38  ]  

  Sample Preparation : Firstly, PVA with concentrations of 10 wt% were 
dissolved in 80  ° C double-distilled water. The nonpolar reactant PCBM 
(4 mg mL  − 1 ) and polar reactant PBI (20 mg mL  − 1 ) were dispersed in non-
polar solvent cyclohexanone and polar solvent thiophene, respectively. 
For reference experiment, half concentration of PCBM (2 mg mL  − 1 ) was 
used. Secondly, each component was successively LBL spin-coated onto 
the cleaned ITO electrode at spin rate of 1500–2000 rpm for 2 min. Par-
ticularly, each deposited layer was dried immediately in an oven (60  ° C 
for 30 min) and then coated by subsequent layer. Thirdly, the fabricated 
trilayer was heated in an oven (60  ° C for 30 min) and then covered 
by another ITO electrode in a way that the upper and down electrode 
glasses were agglutinated without any contamination to the electrode 
and sample. Finally, after 12 h drying, the trilayer n–n heterojunction 
was reserved at room temperature in air for 3 months. 

  Sample Scaling : The thickness of PVA layer ( d  PVA ) was calcu-
lated according to  d  PVA   =    ε   0   ε   r  S / C , where the permittivity of vacuum 
  ε   0   =  8.85 × 10  − 12  (C 2  N  − 1  m  − 2 ), the relative permittivity of PVA   ε   r   ≈  
7.8–8, the active surface area  S   =  2 mm  ×  2 mm and the capaci-
tance  C  was detected by MIC-4970D LCR Meter. The thickness of 
PCBM and PBI were directly measured by AFM. 

  Optoelectronic Experimental Apparatus : Optoelectronic 
experiments were carried out by a home-built optoelectronic setup, 
constituted by a 532 nm wavelength green light source (continuous 
laser, compass 315M-100) with laser intensity of 99 mW cm  − 2  if 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201101776
not specifi ed, a DC source (Keithlay 617 electrometer), a sensitive 
galvanometer (Keithlay 6485 picoammeter) in series with a resist-
ance ( R   =  10 4 –10 5   Ω ), a program-controlled chopper for the tem-
poral control for switching the laser on and off, a lens for adjusting 
laser beam width, and a coherent fi eld master power meter for 
estimating the laser intensity (SI, Figure S3).   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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