
Effects of Pulsing and Interfacial Potentials on Tellurium−Organic
Heterostructured Films
Robert M. Ireland,† Thomas J. Dawidczyk,† Patrick Cottingham,‡ Tyrel McQueen,‡ Gary Johns,§

Nina Markovic,§ Lushuai Zhang,§ Padma Gopalan,§ and Howard E. Katz*,†

†Department of Materials Science and Engineering and Department of Chemistry, Johns Hopkins University, 3400 North Charles
Street, Baltimore, Maryland 21218, United States
‡Department of Chemistry and Department of Physics and Astronomy, Johns Hopkins University, 3400 North Charles Street,
Baltimore, Maryland 21218, United States
§Department of Physics and Astronomy, Johns Hopkins University, 3400 North Charles Street, Baltimore, Maryland 21218, United
States
§Department of Materials Science and Engineering, University of Wisconsin, Madison, Wisconsin 53706, United States

*S Supporting Information

ABSTRACT: Polycrystalline thin films of tellurium and
organic semiconductor molecules are paired in heterostruc-
tured field-effect transistors built on Si/SiO2 substrates. While
charge carrier mobilities can exceed 1 cm2/(V s), there is only
a limited gate voltage range over which the current is
modulated. We employ continuous and pulsed measurements
on transistors to explore the influence of charge equilibration
time on device behavior, finding that pulsed gating improves
output characteristics. We also use surface potential measure-
ments to investigate the interfacial vacuum level offset between
materials, and we modify the interlayer potential profile by
interposing statically charged dielectric layers on the silicon
dioxide. We show that interfacial fields determine the gate
voltage range over which Te shows a field effect in heterostructures with organic semiconductors and that modification of these
fields can extend this range.
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■ INTRODUCTION

Organic field-effect transistors (OFETs) comprise a gate
electrode supplying gate voltage Vg, a gate dielectric, a
semiconducting film typically of 10−100 nm thickness in
which a charge channel forms, and source/drain electrodes
between which current Id flows, driven by drain voltage Vd.
OFETs are now considered for display driver, sensor, and
identification circuits1−4 and are associated with complex
electronic functionality, simple processing, transparency, and
mechanical flexibility. These advantages could be realized from
inorganic semiconductors as well, in the form of easily
deposited films and nanostructures.5−8 In a recent study, we
described vapor-deposited elemental tellurium (Te) films with
a wide variety of morphologies on differing substrates.9 In
particularly favorable cases, with Te deposited on an organic
semiconductor (OSC), charge carrier (hole) mobility (μ) was
>3 cm2 V−1 s−1. However, this μ coincided with mostly
depletion-regime activity, loss of field effect once reaching the
accumulation regime, and poor saturation at high depletion
voltages.

To better understand the reasons for these field effect
behaviors, we now investigate local static electric fields
spontaneously formed at the Te−organic interfaces and effects
of intentional static charge implantation. We consider Te as an
inorganic nanostructured semiconductor13−18 on top of organic
semiconductors pentacene or 5,5′-bis(4-hexylphenyl)-2,2′-
bithiophene (6PTTP6).19−21 We perform device character-
ization by conventional continuous voltage application and by
pulsing Vg at 1 kHz. At this time scale, the equilibrium charge
distribution is not always reached, and thus it is shown that field
effect behavior can be enhanced at higher frequency. We also
employ scanning Kelvin probe microscopy24 to observe
interfacial potential differences and use a statically charged
gate dielectric23 to alter those interfacial potentials. We show
that Vg at which the field effect is lost is significantly influenced
by internal fields.
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The field-effect charge carrier mobility μ is generally assumed
to apply to the entire semiconductor film. Sometimes μ is
acknowledged to be dependent on the electric field (gate
voltage per unit dielectric thickness, Vg/d) applied across the
gate dielectric between the gate electrode and semiconductor.10

If traps in the semiconductor are filled as Vg increases, μ
increases with Vg. It is also conceivable that higher Vg can drive
the channel of mobile charge carriers from a high-μ bulk region
of the semiconductor into a more disordered region of the
semiconductor film within 2−5 nm (1−2 molecular mono-

Table 1. FET Parameters and Performance

semiconductor dielectric gate bias μmeas [cm
2 V−1 s−1]a VT [V]a on/off Ns

b

6PTTP6c SiO2 pulsedd 0.028 ± 0.002 −3.29 ± 0.29 4230 ± 70 8
static 0.025 ± 0.002 −1.97 ± 0.31 1840 ± 40 8

pentacenec SiO2 pulsed 0.053 ± 0.006 −4.60 ± 0.25 21000 ± 1400 4
static 0.038 ± 0.001 −4.00 ± 0.35 1400 ± 400 4

Te SiO2 pulsed 1.7 ± 0.5 42.0 ± 0.8 3.38 ± 0.09 4
static 1.10 ± 0.06 61.6 ± 2.0 2.08 ± 0.03 4

Te/6PTTP6 SiO2 pulsed 1.55 ± 0.04 39.1 ± 1.1 4.30 ± 0.22 20
static 0.82 ± 0.02 52.2 ± 1.5 2.85 ± 0.10 20

Te/pentacene SiO2 pulsed 2.7 ± 0.3 110 ± 6 1.8 ± 0.08 4
static 1.4 ± 0.2 150 ± 10 1.5 ± 0.05 4

aMobility, μmeas, and VT values were extrapolated from Id
1/2 vs Vg plots. W/L is 80. bNs is number of samples corresponding to calculated values and

standard deviations. cDevices measured in the accumulation regime (Vg of 0 to −20 V). Te devices were analyzed in the depletion regime (Vg of 20
to 0 V). dGate voltage was applied in pulses at 1 kHz. Static gate voltage was applied under DC.

Figure 1. Id vs Vd plots for (a) 6PTTP6/SiO2 with static Vg and (b) Vg pulsed at 1 kHz. (c) Pentacene/SiO2 with static Vg and (d) Vg pulsed at 1
kHz. (e) Te/SiO2 with static Vg and (f) Vg pulsed at 1 kHz. Vg are shown in legends.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302221h | ACS Appl. Mater. Interfaces 2013, 5, 1604−16111605



layers) of the gate dielectric, in which case mobility would
decrease as Vg increases.

11

The dependence of μ on the device characterization time
scale is rarely considered. Because of the RC time constant of a
device test circuit, charge distribution in the semiconductor
might not be at the equilibrium expected from the applied
voltages. We recently used time-resolved measurements to
characterize an OFET containing a fluoroalkylbenzyl-substi-
tuted naphthalenetetracarboxylic diimide (NTCDI) on a 3 nm
oxide, showing that μ was higher on shorter time scales than on
longer time scales, and some of the NTCDI layers closer to the
gate dielectric contributed to gate capacitance.12 This would
have been consistent with the charge channel forming farther
from the gate dielectric and in a higher mobility region
compared to direct current (DC, “zero frequency”) conditions.
Shifting of OSC energy levels at organic/organic26−29 and

organic/metal29−31 junctions has been extensively investigated.
However, a general model for these interfaces has not yet been
accepted due to the wide variety of organic molecules and their
ranges of impurity concentrations, mobilities, dielectric
constants, densities of states at particular energies, ionization

energies, and electron affinities. At junctions between weakly
interacting OSCs, vacuum level alignment is expected. Between
interfaces with greatly differing ionization energies or electron
affinities, charge transfer tends to cause the formation of a
“built-in” electrical potential (interface dipole) on the order of
several tenths of an electronvolt. Fermi energy pinning often
results from alignment of OSC energy levels with the work
functions of metals, specifically at the interface, and the barrier
height to charge transfer is expected to grow or shrink
according to vacuum level shifting and voltage biasing between
electrodes. However, the behavior of organic/inorganic semi-
conductor junctions can be less predictable and requires
detailed case-by-case investigation.5−8,15−18,32−35

■ RESULTS AND DISCUSSION

Effect of Pulsing on Organic and Te FETs. Table 1
shows a comparison of device parameters for the three main
individual materials of this study and the Te/OSC bilayers, all
deposited at ambient temperature on SiO2−Si substrates.
Parameters for devices made from other combinations and

Figure 2. Id vs Vd plot for (a) Te/6PTTP6/SiO2 with static Vg and (b) Vg pulsed at 1 kHz. (c) Te/pentacene/SiO2 with static Vg and (d) Vg pulsed
at 1 kHz. (e) 6PTTP6/Te/6PTTP6/SiO2 with static Vg and (f) Vg pulsed at 1 kHz.
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under other conditions are provided in the Supporting
Information (Tables S1 and S2). Figure S1 (Supporting
Information) portrays molecular structures for each material.
Single material mobilities were as expected for the deposition
conditions and were slightly increased, but not outside the
range of statistical uncertainty, when data were collected at 1
kHz instead of under DC conditions, as seen qualitatively in the
output characteristics shown in Figure 1. In particular, the Te
plots are more spread and more curved at the most positive Vg.
When Te was deposited on either of the two OSCs, the field

effect was lost in the accumulation regime, as we had previously
observed. Field effect was lost in Te−6PTTP6 bilayers at Vg

between +5 and +0 V, and in Te−pentacene bilayers between
+20 and +10 V. Figure 2 shows the characteristics. While
pulsing again improved the saturation behavior at the most
positive Vg, doubling the apparent mobility and decreasing Vt, it
had little effect on the accumulation regime. Vt of the Te

devices, though remaining in the depletion regime, was shifted
significantly toward the accumulation regime, suggesting that 1
ms was insufficient time to activate all of the extrinsic charges
for collection.

Interfacial Fields in Te−Organic Heterostructures. To
help explain the 10−15 V difference in field effect ranges
between Te/6PTTP6 and Te/pentacene bilayers and the
reason for field effect loss altogether, we performed scanning
Kelvin probe microscopy (SKPM) on lateral boundaries at the
interface between the bilayer materials deposited side-by-side.
SKPM measures local variations in surface potential across an
interface by scanning the junction at some distance above the
surface (200 nm in this case) and then retraces the height
profile while measuring changes in potential.24 Here, SKPM
qualitatively reveals the surface potential difference between a
single 6PTTP6 layer and Te deposited onto 6PTTP6 as a
bilayer and between a single pentacene layer and Te/pentacene.

Figure 3. SKPM 2D surface potential scans of (a) 6PTTP6 vs Te/6PTTP6 from left to right and (b) pentacene vs Te/pentacene from left to right.
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Due to the limitations of shadow masks in our fabrication
process, quantification of the potential difference spanning an
entire sample was not possible because the diffuse interface is
wider than the maximum scan length of our instrument (∼40
μm) by a factor of 2−3. Regardless, the relative polarities on
either side of the interfaces were clearly demarcated.
The results are shown in Figure 3, which indicate potential

differences of opposite sign for 6PTTP6 and pentacene relative
to Te on those OSCs. 6PTTP6 has more negative surface
potential than Te deposited thereon. This indicates that holes
are more stable in Te relative to 6PTTP6. Conversely, SKPM
scans show pentacene with more positive surface potential than
Te/pentacene. Therefore, pentacene more readily accepts holes
from (donates electrons to) Te at equilibrium. This is
consistent with the relative energy band compositions (Figure
4). The highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) values of
6PTTP6 are estimated as those reported for 2,5-dihexylte-
trathiophene,22 which is expected to be slightly more electron
donating than 6PTTP6. A consequence of the Te/6PTTP6
interfacial voltage is the stabilization of holes in the Te layer of
a 6PTTP6/Te/6PTTP6 trilayer, which had the highest μ of the
useful heterostructures from our previous study, as much as 3−
5 cm2/(V s) with Te deposited on a heated substrate.
The measured potentials are also consistent with losing field-

effect in hybrid FETs at more positive Vg for Te/pentacene
than Te/6PTTP6. The energy level change on driving holes
from the source through the Te into the organic is lower for
pentacene than for 6PTTP6, so given the lower mobilities of
the OSCs relative to Te, the increase of source-drain
conductance resulting from making Vg less positive ends at a
more positive Vg with pentacene.
Effect of Static Charge in the Underlying Dielectric.

We performed another experiment, this time aiming to alter the
internal potentials determining the voltage at which the field
effect is lost. We took advantage of our already reported
technique of applying static charge to a nonpolar polymer
dielectric,20,21 in this case polystyrene23 (PS), to shift OFET Vt,
a method particularly effective for a normally off OSC such as
6PTTP6. Morphologies of Te structures deposited for this
experiment are shown in Supporting Information Figures S2−
S4.
Figure 5 shows characteristics of OFETs with 6PTTP6 and

Te FETs using PS gate dielectric interlayers, with and without

prior static charging of +50 V. This charging polarity would be
expected to result in FETs with the off state shifted further into
the accumulation regime.22 Indeed, this was observed for
6PTTP6 alone (Figures 5a,b), with maintenance of the
expected mobility, correcting for the lowered gate capacitance.
Surprisingly, this charging turned Te-containing FETs more
“on”; i.e., threshold voltage was shifted into depletion, and
output current was increased (Figures 5c−f). Furthermore,
compared to Figure 2a, the field effect of Te on 6PTTP6
extended farther into the accumulation regime with the
polystyrene interlayer than without it, possibly reflecting the
higher Vd needed to create the same gate field with the PS
present. Static charging extends the field effect more
significantly into accumulation, even though the charge density
indicated by Figure 5f is also greater.
Thus, the polystyrene layer and the static charging both

decrease the effective gate field that drives holes from Te into
the 6PTTP6. The resulting increase in the Vg range showing a
field effect is evidence for our hypothesis that the loss of field
effect in uncharged devices is due to charge becoming more
distributed in the lower-μ layer at more negative Vg, and not
because of the more negative Vg eventually causing all hole-
supporting sites in the Te to become filled. OFET perform-
ances for experiments on statically charged samples are
summarized in the Supporting Information (Table S2). As
was the case with Te on SiO2, 1 kHz pulsing further spread the
Id−Vd curves, increasing the apparent mobility and lowering Vt.
Figure 6 shows schematic charge distributions for the two Te

bilayers and for Te/6PTTP6 on charged polystyrene, before
application of Vg. For the bilayers, the charge distributions
reflect the relative stability of holes in the materials as indicated
by SKPM. As discussed above, holes are more easily driven into
pentacene by a negative gate voltage, lowering the mobility at a
less negative Vg. For the charged system, the injected static
charges are in the polystyrene, and some of those static charges
act as remote dopants for the Te layer as well, though we do
not expect that charges in the polystyrene are themselves
mobile. The static charges pose a barrier to driving positive
charges into the 6PTTP6, increasing the Vg range for useful
field effect.
A particularly dramatic effect of pulsing is shown in Figure 7

for the system we had identified in our previous study as having
the most conventional field effect behavior, Te deposited on a
monolayer of azo dye (DR19) heated to 55 °C. Vt is brought to
the accumulation regime because this dye adds traps to the
dielectric surface, but at the expense of mobility relative to the
unheated Te or Te on a bare substrate. Pulsing doubled the
mobility compared to the DC measurement, consistent with
charges not equilibrating with traps on the 1 kHz time scale,
while the accumulation-only nature of the device was
maintained. Thus, like in the above bilayer examples, pulsing
placed charges preferentially in regions with higher mobility. In
the DR19 case, the effect was from an increase in output
current of a better behaved transistor, rather than simply
extending the range over which current was modulated in
depletion mode.

■ SUMMARY AND CONCLUSIONS
The apparent quality of Te-based FETs is shown to depend on
both the time scale of the measurement (1 kHz vs DC) and
internal potential differences among layers of which the devices
are comprised. Te serves as a useful test platform for
inorganic−organic heterostructures because of its high mobility

Figure 4. Work function of gold is shown relative to conduction and
valence energy levels of tellurium (ref 14), HOMO/LUMO of
6PTTP6 (*estimated from dihexylquaterthiophene, ref 22), and
HOMO/LUMO of pentacene (ref 19).
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and defined composition. Here, we have shown that there are
chemical and physical methods available to extend the useful Vg
range and increase output current in the accumulation mode,
including modifying internal fields to alter the Vg-dependent
charge distributions and the device regions that determine
output currents. More broadly, we illustrate ways in which the
essential OFET parameters, generally obtained under DC
conditions regardless of the intended applications, are
frequency dependent because of the time needed to equilibrate
charge distributions with applied fields.

■ METHODS
Materials. 6PTTP6 was synthesized using a well-established

method (ref 19). Pentacene was used as purchased (Sigma Aldrich).
Te powder was used as-received (325-mesh, 99.99% metals basis, Alfa
Aesar) and is considered to be mildly toxic but has not been reported
as carcinogenic. Te vapors were vented from a vacuum chamber into
an exhaust system and handled while wearing a dust filter mask.
Heavily As-doped silicon wafers (SI-Tech, Process Solutions, ND ∼
1018 cm3) were cut into 1 in. by 0.5 in. substrates and cleaned by
sonication in acetone and 2-propanol for 10 min each and blown dry

Figure 5. Id vs Vd plot for (a) 6PTTP6 on PS/SiO2 and (b) PS+50/SiO2. (c) Te on PS/SiO2 and (d) PS+50/SiO2. (e) Te/6PTTP6 on PS/SiO2 and
(f) PS+50/SiO2.

Figure 6. Schematic representation of charge carrier equilibration in bilayers under zero gate voltage. The polystyrene is indicated with embedded
static charge.
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with N2. The substrates were cleaned further by submerging in piranha
solution (sulfuric acid to hydrogen peroxide 3:1, CAUTION: highly
corrosive and dangerous to skin) for 20 min, followed by sonication in
deionized water for 5 min, blowing with N2, and baking on a hot plate
at 110 °C. The insulator capacitance for 100 nm of thermally grown
silicon dioxide is consistent with previous reports, 35 nF/cm2.
Functionalized DR19 was synthesized as previously reported (ref

25). Monolayers were obtained by dissolving 3 mg in anhydrous
toluene (5 mL) in a scintillation vial. Silicon substrates were
submerged in the solution and heated to 90 °C for 8 h. Substrates
were then rinsed in toluene and THF, respectively, and dried with N2.
Polystyrene (50 000 g/mol, Sigma Aldrich) diluted in toluene (10 mg/
mL) was spincoated onto SiO2 at 1500 rpm and baked for 10 min at
100 °C. Films were embedded with positive or negative charges via
corona charging methods described previously (ref 23).
Device Fabrication. FETs were fabricated by thermally

evaporating OSC and Te powders using an Edwards thermal
evaporation system at base pressures below 3 × 10−6 Torr. Materials
were deposited 10 nm thick from alumina crucibles in succession
during the same vacuum cycle, using the same deposition rate of 0.3 Å
s−1. Si−SiO2 substrates were held at room temperature during
deposition or at 55 °C for comparison. Heated substrates enhance
packing of 6PTTP6 molecules (ref 20) and crystallization of Te
deposited by thermal evaporation (refs 14 and 17). Gold electrodes
were deposited 50 nm thick at 0.5 Å s−1 through a shadow mask with
24 electrode pairs, resulting in six devices with each of four W/L ratios
(80, 53.3, 40, and 32). All deposition rates and thicknesses were
monitored by a quartz crystal microbalance. Substrate temperature was
monitored by a thermocouple placed on the backside of substrates.
Silicon gates for FETs were accessed by scratching through the oxide
with a diamond scribe.
Electrical Measurements. FET measurements were employed

using an Agilent 4155C Semiconductor Parameter Analyzer. Low-
resistance probes from Micromanipulator were used to test devices
under ambient fluorescent lighting conditions, in air, at least 2 h after
fabrication. Surface potential measurements were carried out on a
Veeco Atomic Force Microscope using a NanoScope IIIa extender and
an SCM-PIT tip (Bruker).

■ ASSOCIATED CONTENT
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Table S1 summarizes OFET performance for all additional
configurations excluding devices with PS; Table S2 summarizes
performances for devices utilizing PS. Figure S1 shows chemical
structures; Figure S2 compares morphology of Te on PS
uncharged and PS negatively charged; Figure S3 shows
morphology of Te and Te/6PTTP6 on PS uncharged versus
both on PS positively charged; Figure S4 shows AFM of
6PTTP6 on PS uncharged and PS positively charged. This
material is available free of charge via the Internet at http://
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