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Carrier injection from Au electrodes to organic thin-film active layers can be greatly improved for

both electrons and holes by nano-structural surface control of organic semiconducting thin films

using long-chain aliphatic molecules on a SiO2 gate insulator. In this paper, we demonstrate a stark

contrast for a 2,5-bis(4-biphenylyl)bithiophene (BP2T) active semiconducting layer grown on a

modified SiO2 dielectric gate insulator between two different modifications of tetratetracontane and

poly(methyl methacrylate) thin films. Important evidence that the field effect transistor (FET)

characteristics are independent of electrode metals with different work functions is given by the

observation of a conversion of the metal-semiconductor contact from the Schottky limit to

the Bardeen limit. An air-stable light emitting FET with an Au electrode is demonstrated.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927651]

Carrier injection from metal electrodes to organic semi-

conductors is a process of a central importance in organic

electronics and has been intensively studied from the point-

of-view of device optimization by selecting electrodes with

suitable work functions. Two limits are generally known in

the metal-semiconductor (MS) contact, namely, the

Schottky1 and the Bardeen limits2,3 [Fig. 1(a)]. The Schottky

limit is most frequently observed for organic semiconductors

with p-bond conjugated surfaces, while the Bardeen limit is

typical for inorganic semiconductors with a covalent charac-

ter such as silicon and germanium. In the former limit, the

Schottky barrier height (ub) is very sensitive to the work

function of the metal electrodes (um), while this is not the

case for the latter limit.2–5 Both limits are considered to stem

from different surface conditions. Inorganic semiconductors

have dangling bonds on their surfaces and atomic-level

reconstruction occurs, while almost no dangling bonds exist

on organic semiconductor surfaces because the bulk consists

of closed-shell molecules with van der Waals interactions. In

many organic semiconductors, the injection and conduction

of electrons are rarely observed. Instead, the transport of

holes is more frequently observed for the following two rea-

sons. One is that the Fermi level of Au, the most frequently

used electrode, is generally close to the highest occupied mo-

lecular orbital (HOMO) of organic semiconductors, which

allows easy access to hole carriers. The other is the fact that

electrons are frequently trapped on the SiO2 surface to pre-

vent electric conduction even if they are injected from the

electrodes.6 Ambipolar carrier injection and transport in or-

ganic semiconductors were first reported for pentacene by

Yasuda et al.7 using Ca electrodes with a low work function

and a parylene modifying layer on a SiO2 substrate surface.

According to these conditions, ambipolar carrier injection

and transport are presently considered to be a universal phe-

nomenon in organic semiconductors,8–23 and this efficient

ambipolar action has opened an intriguing research area in

organic light-emitting FETs (OLEFETs).

OLETs showing good performance have recently been

reported in organic semiconductors using Ca-Au hetero-elec-

trodes on a SiO2 substrate with self-assembled monolayer or

organic polymer surface modification, in which both hole

and electron injection (so-called ambipolar characteristics)

were achieved.10,16,18–23 Metals with low um, however, are

sensitive to oxygen and moisture, and therefore, devices con-

taining Ca-Au hetero-electrodes cannot operate under ambi-

ent air conditions. Therefore, several attempts have been

carried out in order to realize efficient ambipolar injection

with Au electrodes. Some groups have reported efficient

ambipolar injection with Au electrodes by employing a poly-

mer semiconductor with a small band gap (1.25–1.43 eV) as

an active layer.24–26 However, this does not occur in typical

molecular semiconductor materials with a larger band gap

(generally ca. 2 eV), and their FET action is generally lim-

ited to only p-type characteristics in the case of Au electro-

des.7 This can be explained by the large energy difference

between the HOMO-derived band of semiconductors and the

Fermi level of the Au electrode.

Here, we show that another crucial control is possible

for carrier injection by gate insulator surface control fol-

lowed by thin film growth of an organic semiconductor. We

present strong evidence that the Schottky limit most fre-

quently found in organic semiconductors can be converted to

the Bardeen limit by such surface modifications. A good

example is given for 2,5-bis(4-biphenylyl)bithiophene27

(BP2T, see Fig. 1) organic semiconducting active layer

grown on an aliphatic tetratetracontane (TTC)-modified SiO2

dielectric gate insulator (TTC-SiO2). Although effective
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TTC modification on a substrate was tentatively suggested

earlier without any clear reasoning,28 in the present study we

will give strong evidence that the Bardeen limit can be real-

ized from two key experiments, namely, changing metal

electrodes with different um and determining the band dia-

gram by photoelectron yield spectroscopy (PYS). Well-

balanced ambipolar carrier injection is clearly shown and

air-stable light emission from FETs is demonstrated.

BP2T purchased from Sigma-Aldrich Co. LLC was

purified by five times using a physical vapour transport

method under a pure argon gas flow. BP2T transistors were

fabricated on an n-type highly doped silicon (nþþ-Si) sub-

strate with a 200 nm-thick SiO2 layer as a gate electrode and

a dielectric layer. The substrates were cleaned by ultrasoni-

cation in acetone, ethanol, and 2-propanol followed by O2-

plasma treatment. The substrate was subsequently modified

by spin-coating poly(methyl methacrylate) (PMMA) with

60 nm or by thermally deposited TTC28 with 9 nm in thick-

ness. The PMMA and TTC layers were taken into account in

calculating the capacitance of the gate insulators. The BP2T

thin film (30 nm) was deposited by a vacuum vapor deposi-

tion method.27 Thin film transistors were made by evaporat-

ing highly purified molecules under high vacuum

(10�6 Torr), and the thickness was measured in situ by a

quartz crystal microbalance. The thin film deposition rate

was maintained at 0.1 Å/s, and the substrate was kept at

room temperature. Interdigitated electrodes of Au, Al, or Ca

were deposited onto the thin films by vacuum vapor deposi-

tion with a shadow mask. The channel length and the width

were 100 lm and 12 000 lm, respectively. Source and drain

electrodes of Au-Au, Ca-Ca, Al-Al, and Au-Ca with different

um’s were used. In four terminal configuration, the distance

between the source and the drain electrodes and that of the

two voltage probes were 300 lm and 80 lm, respectively.

Device performances were measured with an Agilent B1500A

semiconductor parameter analyzer. Light emission images

were recorded using a CCD camera as reported elsewhere.27

The drain current (Id)-drain voltage (Vd) output charac-

teristics of an FET of BP2T polycrystalline thin films grown

on TTC-SiO2 with Au-Au homo-electrodes are shown in

Fig. 2(a). Surprisingly, good symmetric characteristics

between holes and electrons were observed. In the hole con-

duction measurements under relatively large negative gate

voltages (Vg’s), a pure unipolar action (the left-side of Fig.

2(a)) was observed. It is noted that Id suddenly increased at

around Vd¼�80 V as Vd increased further in the negative

direction when a small negative Vg was applied. This is a

typical signature of ambipolar action when electrons begin

to be simultaneously injected into the channel. On the other

hand, under positive Vg (the right-side of Fig. 2(a)), the tran-

sistor operates in an electron transport mode with an equiva-

lent field-effect electron mobility le. As in the case of the

hole region, unipolar electron transport became predominant

at large positive Vg’s, while additional hole injection became

also apparent as Vd increased further in the positive direction

under small Vg’s.

The equivalent evolution of the Id’s as a function of Vd

between p- and n-type characteristics with the same Au elec-

trodes indicates that the injection barriers against holes and

electrons are comparable. Taking into account the fact that

the Fermi level of Au is close to the HOMO of BP2T [Fig.

1(b)], electron injection should be greatly suppressed com-

pared to hole injection in the Schottky limit [Fig. 1(a)]. The

highly symmetric injection of both electrons and holes

observed in the present research indicates that the MS con-

tact is now far from the Schottky limit but close to the

Bardeen limit. This surprisingly equivalent carrier injection

FIG. 2. The output characteristics of a BP2T FET with Au-Au homoelectro-

des (a) on TTC-SiO2 and (b) on PMMA-SiO2.

FIG. 1. (a) Schematic band diagrams

of the metal semiconductor (MS) inter-

face in the Schottky and the Bardeen

limits. The top and the bottom objects

represent metal electrodes with high

and low work functions, respectively.

The MS interface varies from the

Schottky to the Bardeen limit depend-

ing on the semiconductor surface. (b)

The work functions of Au, Al, Ca, and

the energetic levels of LUMO- and

HOMO-derived bands of the BP2T

solid.
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and conduction of holes and electrons is in sharp contrast to

those of BP2T thin-film FETs on a SiO2 dielectric layer

coated with PMMA, as shown in Fig. 2(b). The p-type char-

acteristics on the left-side of Fig. 2(b) show a behavior

almost similar to that of the FET on TTC-SiO2. On the other

hand, the n-type characteristics on the right-side of Fig. 2(b)

are very different, in which electron conduction is too small

to be seen on the scale of this plot, and therefore, one can see

only hole injection in the region of large Vd. This extremely

asymmetric carrier injection from the Au electrode to BP2T

on a PMMA-SiO2 substrate is striking evidence of the fact

that the MS contact of BP2T-FETs falls within the Schottky

limit.

It needs to be unambiguously confirmed whether the

injection limit is indeed changed from the Schottky to the

Bardeen limit, or whether this effect is merely caused by

other factors such as carrier trapping at the interface between

the semiconductor and the modification layer. First, we give

clear phenomenological experimental evidence that work

function (um) of the electrodes does not give any significant

influence on the carrier injection in BP2T FETs on TTC-

SiO2. In order to clarify this issue, we compared the Id–Vg

curves (transfer characteristics) of BP2T-FETs fabricated on

TTC-SiO2 [Fig. 3(a)] and on PMMA-SiO2 [Fig. 3(b)] by

employing Au-Au, Al-Al, and Ca-Ca homo-electrodes with

different um’s in addition to the Au-Ca hetero-electrode

under a constant Vd of 120 V. It is important to note that for

making correct interpretations of the present experiments,

carrier transport in the channel should ideally be the same in

the vicinity of the interface between the semiconductor and

the modification layers regardless of electrodes, because the

metal electrodes were deposited after the deposition of BP2T

on TTC-SiO2 or PMMA-SiO2 with the same substrate modi-

fications. Therefore, differences observed in the transfer

(Id–Vd) characteristics can be solely attributed to the MS

contact but not to the channel conduction around the inter-

face between the semiconductor and the modification layer.

Typical (Id)1/2–Vg curves are plotted in Figs. 3(a) and

3(b), where one can see a strong contrast between the BP2T/

TTC-SiO2 and the BP2T/PMMA-SiO2 characteristic curves.

The p-type threshold voltage of the BP2T/PMMA-SiO2

FETs showed a significant negative shift on decreasing um

from Au to Ca, whereas the n-type threshold voltage showed

a significant positive shift in the case of Au-Au electrodes,

indicating a significant change in the carrier injection barrier

heights.29–32 As a result, the minima of the Id–Vg transfer

characteristics are widely distributed from Vg¼ 1.5 V to

112 V with a strong dependence on the um of the electrodes.

On the other hand, the threshold voltages of the BP2T/

PMMA-SiO2 FETs showed shifts in the same direction with

a much weaker dependence on um. That leads to a narrow

distribution of the Id minima around VG¼ 60 V, which is the

value expected for FETs with balanced p-type and n-type

characteristics. The behavior is indicative of the fact that the

carrier injection barriers are affected less by um. It is noted

that Al is a very sensitive metal, and the first surface layer is

affected by the contamination of oxygen on the surface. The

off-trend behavior observed in the case of Al may arise from

this reason.

For further convincing evidence, the le and lh estimated

from the saturation regions of the FET characteristics are

shown in Fig. 3(c). The plot shows a clear difference

between TTC-SiO2 and PMMA-SiO2 FETs. The FETs of

BP2T on TTC-SiO2 showed high field-effect mobilities for

both holes and electrons, being nearly independent of the

um’s of the electrodes. On the other hand, the mobilities of

BP2T fabricated on PMMA-SiO2 showed a large depend-

ence upon the um, and consequently, the data are located in

a wide area of the plot. This should be compared to the ex-

perimental results for FETs on PMMA-SiO2, where holes

are predominantly injected from the Au electrode because of

its um is close to the HOMO of BP2T (�5.48 eV, Fig. 1(b)),

and similarly electrons are preferentially injected from the Ca

electrode because of its um close to the lowest unoccupied

molecular orbital (LUMO) (�2.94 eV, Fig. 1(b)). The mobili-

ties experimentally observed for BP2T FETs in Fig. 3(c) are

fairly consistent with the expected results from both limits.

We measured the contact resistance of the Au-Au homo

electrode devices for both BP2T/TTC-SiO2 and BP2T/

PMMA-SiO2 with a four-probe method, as shown in Fig. 4.

The source contact resistance for hole injection is similar for

both BP2T/TTC-SiO2 and BP2T/PMMA-SiO2. Importantly,

for electron injection, much smaller source resistance was

observed for BP2T/TTC-SiO2 than that for BP2T/PMMA-

SiO2, which is consistent with the tendency of a change in

MS contact limit.

In order to acquire unambiguous spectroscopic insights

into the MS contact in addition to the phenomenological

FIG. 3. (a)Transfer characteristics of

BP2T FETs with various electrodes on

TTC-SiO2 and (b) on PMMA-SiO2.

Operations of p- and n-modes measured

in the range of Vd� 0 V and Vd� 0 V

are shown in the same panel, which are

controlled by various Vg’s under con-

stant Vd of 120 V. The Vg is expressed

by using an off-set value of (VdþVs)/2.

(c) Field-effect mobilities of BP2T

FETs. Electron (le) and hole (lh) mobi-

lities of BP2T FETs made on a SiO2

substrate modified with TTC (squares)

and PMMA (circles) are plotted.
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understanding described earlier, we carried out PYS of Au/

BP2T interface on both PMMA-SiO2 and TTC-SiO2. The

change in the surface modification layer is reflected in a

change in the barrier (ub) values of electron injection, which

were evaluated to be 0.96 and 1.10 eV at the Au/BP2T inter-

face on PMMA-SiO2 and on TTC-SiO2, respectively, as dis-

played in Fig. 5(a). The value of ub¼ 0.96 eV of the Au/

BP2T interface on PMMA-SiO2 was nearly equal to the dif-

ference between the Fermi level of Au thin film and the

energy level of the BP2T HOMO-derived band (0.97 eV).

This indicates that the interface is very close to the Schottky

limit. On the other hand, ub for the Au/BP2T interface on

TTC-SiO2 significantly shifted from 0.97 eV, indicating

deviation from the Schottky limit. Detailed discussion about

the PYS analyses is given in the supplementary material (see

S1, Ref. 33).

Two different injection limits can be caused by the sur-

face morphology of the thin films near the electrodes, as sup-

ported by X-ray diffraction (see S2, Ref. 33) and SEM

measurements (see S3, Ref. 33) of BP2T thin films on TTC-

SiO2 and on PMMA-SiO2. The linewidth of their diffraction

peaks at 2h¼ 13.46� was 0.230� and 0.201� (see, Fig. S2),

and their volume-weighted average crystallite sizes calcu-

lated with the Scherrer equation were 51.5 nm and 59.0 nm,

respectively. The experimental fact that the BP2T thin film

on PMMA-SiO2 has higher crystallinity than that on TTC-

SiO2 is consistent with a smaller number of gap states in

PMMA-SiO2.

By employing the Bardeen limit of the MS contact real-

ized on TTC-SiO2, we demonstrated bright light emission in

an organic FET with Au-Au homo-electrodes, as shown in

Fig. 5(b). The light emission zone moved between the source

and drain electrodes depending on Vg at constant Vd. This

clearly shows that both electrons and holes are simultane-

ously injected and that the carrier recombination zone, which

corresponds to the p-n junction to be structurally constructed

in the case of conventional inorganic light-emitting diodes,

can be automatically created without fabricating any artifi-

cial p-n junctions. The critical phenomenological evidence

for the conversion from the Schottky to the Bardeen limits in

the MS contact of organic semiconductors was experimen-

tally shown from metal electrodes with various um’s. A band

diagram was described in connection to the Bardeen and the

Schottky limits of carrier injection. Both electrons and holes

were simultaneously injected into BP2T-FETs fabricated on

TTC-SiO2 with Au electrodes, almost independently of the

um’s of the electrodes. The present studies provided a deep

scientific insight into the MS-contact limits and will open a

way to achieve high performance OLETs operating in air.
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