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Light emitting field-effect transistors (LEFETSs) were fabricated with a low work function metal
(calcium) and a high work function metal (gold) as the source and drain electrodes. The gold
electrode serves as the source for holes into the 7 band and the drain for electrons from the 7" band;
the calcium electrode serves as the source for electrons into the 77" band and the drain for holes from
the 7 band. For 65 V<V;<103 V, the LEFET operates in the ambipolar regime. The emission
zone has been spatially resolved (as it is moved across the channel by sweeping the gate voltage)
using confocal microscopy; the full width at half maximum is 2 um. At the gate voltage extremes
(V=0 or V;=150 V), the electron (hole) density extends all the way across the 16 um channel
such that the electron (hole) accumulation layer functions as the cathode (anode) for a light-emitting
diode, with opposite carrier injection by tunneling; i.e., the carrier densities are sufficiently high that

the accumulation layer functions as a low resistance contact, implying near metallic transport.
© 2007 American Institute of Physics. [DOI: 10.1063/1.2752582]

I. INTRODUCTION

Ambipolar light emitting field-effect transistors
(LEFETs) using luminescent semiconducting polymers were
demonstrated recently by two independent research
groups.lf3 Here we present data obtained with calcium (Ca)
and gold (Au) or silver (Ag) as the source and drain elec-
trodes; the improved symmetry of the device performance
enables a better understanding of the device physics. In ad-
dition, we make a direct comparison with the theoretical
analysis of the device physics recently published by Smith
and Ruden.”

The architecture of the LEFET is shown in Fig. 1. The
structure is similar to that of conventional field-effect tran-
sistors (FETs), with a dielectric layer separating the gate
from the semiconducting material. For the LEFET, we use a
thin film of polypropylene-co-1-butene (PPcB) on silicon ni-
tride (SiN,) as the gate dielectric on heavily doped silicon
wafer (n**-Si), which functioned as the substrate and the
gate electrode. The use of the PPcB overlayer minimizes the
density of electron traps; the use of nonpolar polymers for
the gate dielectric to enable electron transport was initially
reported by Chua et al’ Ambipolar LEFETs are fabricated
with two different metals for the top-contact source and drain
electrodes (see Fig. 1): a low work function metal, Ca, and a
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high work function metal, Au or Ag [see the energy level
diagram in Fig. 2(a)]. The high work function electrode
serves as the source for holes into the 7 band and the drain
for electrons from the 7" band, [S,(D,)]; the low work func-
tion electrode serves as the source for electrons into the 7
band and the drain for holes from the 7 band, [S,(D,)].

As shown in Fig. 1, the LEFET can be viewed as a
gate-induced p-n junction; light emission is expected, there-
fore, only in a narrow zone where the electron accumulation
layer and the hole accumulation layer overlap. Detailed cal-
culations of the width of the emission zone were recently
published by Smith and Ruden.* The emission zone has been
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FIG. 1. (Color online) Schematic diagram of the device architecture of an
ambipolar LEFET. The gold (Au) electrode serves as the source for holes
into the 7r band and the drain for electrons from the 7 band; the calcium
(Ca) electrode serves as the source for electrons into the 77" band and the
drain for holes from the 7. band. The thin green layer above the gate di-
electric is the polypropylene-co-1-butene passivation layer. The red area
shown in the channel represents the hole accumulation layer; the green area
in the channel represents the electron accumulation layer.
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FIG. 2. (a) Energy level diagram showing the top of the 7 band (highest
occupied molecular orbital) and the bottom of the 7" band (lowest unoccu-
pied molecular orbital) of the luminescent semiconducting polymer, “Su-
perYellow.” The Fermi energies of Ca and Au are shown. All energies are
given with respect to the vacuum. (b) Molecular structure of polypropylene-
co-1-butene (PPcB) which was used as the polymer passivation layer be-
tween the SiN, gate dielectric and the semiconducting polymer. (c) Molecu-
lar structure of SuperYellow (SY), the soluble polyphylenvinylene (PPV)
derivative used in this study as the semiconducting and light emitting
polymer.

spatially resolved (as it is moved across the channel by
sweeping the gate voltage) using confocal microscopy; the
full width at half maximum is 2 um.

At the gate voltage (V) extremes (V=0 or Vg
=150 V), the electron (hole) density extends all the way
across the 16 um channel such that the electron (hole) accu-
mulation layer functions as the cathode (anode) for a light
emitting diode (LED), with opposite carrier injection by tun-
neling; i.e., the carrier densities are sufficiently high that the
accumulation layer functions as a low resistance contact, im-
plying near metallic transport.

Il. EXPERIMENT

A heavily doped n-type silicon wafer functioned as both
the substrate and the gate electrode. The n**-Si gate elec-
trode was coated with 400 nm of silicon nitride (SiN,) de-
posited by plasma enhanced chemical vapor deposition. The
SiN, surface was cleaned by sonication in acetone followed
by an isopropanol rinse and further sonication in isopro-
panol, then dried under a stream of nitrogen gas. The SiN,
was then passivated with a thin film of polypropylene-co-1-
butene, 14 wt % 1-butene (PPcB) [see Fig. 2(b)].

20 mg of PPcB (obtained from Aldrich and used as re-
ceived) were dissolved in 1 ml decaline at 190 °C. The sub-
strate was placed on a Headway PWM32-PS-R790 Spinner,
preset at 2500 rpm. PPcB solution (at 190 °C) was deposited
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FIG. 3. (Color online) Schematic diagrams of the LEFET operation in the
three important regimes: (a) V< Vg,/2; hole transport dominates. (b) Vg
=~ Vp/2; ambipolar transport dominates. (c) V> Vg, /2; electron transport
dominates.

onto the substrate; as soon as it covered the entire surface,
the spin coater was turned on for 60 s. The PPcB film was
then dried on a hotplate in air at 200 °C for 1 min. Uniform,
100 nm films of PPcB were obtained (thickness determined
by Dektak profilimetry). “SuperYellow” (SY), a soluble
polyphylenvinylene (PPV) derivative obtained from Covion
[see Fig. 2(c)], was then spin cast onto the substrate at
2500 rpm. After film deposition, the multilayer samples were
annealed at 200 °C for 60 min. The calculated capacitance
of the completed device was 9 nF/cm?. The samples were
then mounted onto a silicon shadow mask to complete the
device fabrication by using the angled evaporation of Au
followed by Ca. This fabrication process is described in de-
tail in earlier publications.l’6 The data reported here were
obtained from LEFET devices with a 16 um channel length
and a 1500 um channel width.

The LEFETs were tested using a Signatone probing sta-
tion that is housed in a nitrogen glovebox. Oxygen count was
~1.5 ppm during device testing. A Keithley 4200 semicon-
ductor characterization system was used to gather the elec-
trical data; light emission was collected simultaneously with
a Hamamatsu photomultiplier. For each run, the Ca electrode
was always grounded and negative with respect to the Au (or
Ag) electrode.

lll. RESULTS AND DISCUSSION

The operation of the ambipolar LEFET is shown sche-
matically in Figs. 3(a)-3(c). When a constant positive volt-
age of 150 V is applied between the Au and the Ca elec-
trodes and the gate voltage is swept from 0 V to 150 V, the
voltage drop between the gold S,(D,) and the gate electrode
decreases from 150 V at the beginning of the sweep to 0 V
at the end of the sweep. Initially, an accumulation layer of
holes is formed [Fig. 3(a)] at the interface between the semi-
conducting polymer and the PPcB dielectric layer extending
toward the calcium S,(D;) electrode. Hole current flows
from the S,(D,) electrode to the S,(D},) electrode. As the gate
voltage is swept toward 150 V, the voltage drop between the
gate electrode and the S,(D,) electrode decreases. As a re-
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FIG. 4. (Color online) Black curve: total current between the Au and Ca
electrodes as a function of the voltage applied at the gate electrode. Blue
curve: light emission as detected by the photomultiplier.

sult, the hole accumulation layer reduces both in magnitude
and in its extension across the channel, causing lower hole
current at higher gate voltages [Figs. 3(b) and 3(c)]. Simul-
taneously, as the gate voltage is swept toward 150 V, the
voltage drop between the gate electrode and the S,(D,) elec-
trode increases. As a result, the electron accumulation layer
is formed and increases both in magnitude and in its exten-
sion across the channel, causing higher electron current at
higher gate voltages [Figs. 3(b) and 3(c)].

Figure 4 shows the transfer data, channel current versus
gate voltage and emitted light intensity versus gate voltage
for an LEFET made with Au and Ca as the two electrode
materials. The black curve represents the total current be-
tween the Au (the source for holes into the 7 band and the
drain for electrons from the 7" band) and Ca (the source for
electrons into the 77" band and the drain for holes from the 7
band) electrodes as a function of the voltage applied at the
gate electrode. The blue curve shows the light emission in-
tensity as detected by the photomultiplier. Note the near
symmetry of both the channel current versus gate voltage
and the emitted light intensity versus gate voltage (signifi-
cantly better than observed with Ag as the high work func-
tion metal)." As implied by the energy level diagram in Fig.
2(a), Au would be expected to provide a nearly Ohmic con-
tact to the superyellow polymer.

Maximum light emission intensity is expected when hole
and electron currents are balanced, i.e., when each injected
electron (hole) can radiatively recombine with a hole (elec-
tron). Because of the difference in hole and electron mobili-
ties (g, > ), this maximum occurs at approximately 90 V,
rather than at 75 V (the midpoint in the range of the scan of
the gate voltage in Fig. 4).

Note that at the voltage extremes, the emission intensity
again increases. For example, at the beginning of the scan
when the gate voltage equals 0 V, the device was emitting
light. By imaging the channel with a microscope at 40X
magnification, the emission zone was observed to be along
the edge of the channel next to the calcium S,(D),) electrode.
We interpret this light emitted when the gate voltage equals
0 V as arising from more conventional emission from a poly-
mer LED. A similar emission process has been discussed for
hole only organic LEFETs,”® and, in fact, it is likely the
mechanism for light emission in all unipolar organic
“LEFETS.” As sketched in Fig. 3(a), the hole density extends
all the way across the 16 um channel length such that the
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FIG. 5. (Color online) |/,]"? plotted as a function of Vg, where I, is the
total current between the Au and Ca electrodes.

hole accumulation layer functions as the anode for an LED
with electron injection by tunneling from the Ca electrode.
Similarly, as sketched in Fig. 3(c), when the gate voltage
approaches —150 V with respect to the Ca electrode, the
electron density extends all the way across the 16 wm chan-
nel length such that the electron accumulation layer func-
tions as the cathode for an LED with hole injection by tun-
neling from the Au electrode. In other words, in these two
limits the carrier densities (electrons in the 7~ band or holes
in the 7r band) are sufficiently high that the accumulation
layer functions as a low resistance contact, implying near
metallic transport.

In the saturation regime (where the source-drain voltage
is larger than the gate voltage), the threshold voltages (V)
can be determined from Eq. (1),

— — 2
la=nCig (V= V). (1)

Thus, the threshold voltages for the onset of electron trans-
port, Vy(electrons), and for the onset of hole transport,
Vi (holes), are defined by plotting the square root of the drain
current as a function of the gate voltage (|7,5]'/> vs V;) where
1, is the total current between the Au and Ca electrodes and
by extrapolating the electron dominated current and the hole
dominated curves, respectively (see Fig. 5). The linear ex-
trapolations yield the voltages for the turn-on of the hole
current (103 V between the gate and the grounded Ca elec-
trode) and for the turn-on of the electron current (65 V be-
tween the gate and the grounded Ca electrode). Thus, we find
|Vn(electrons)| =65 V and |V, (holes)|=150-103 V=47 V
indicative of significant disorder with traps at the
semiconductor-dielectric interface. For gate voltages in the
range of 65 V<V;<103 V, the device operates in the am-
bipolar regime with electrons in the 77" band and holes in the
7 band. The electron and hole mobilities can be obtained
from the slopes of the two extrapolated lines in Fig. 5; w,,
=2.1X107 cm?/V's and u,=1.6X 107> cm?/Vs.

Using their detailed theoretical analysis of the device
physics, Smith and Ruden demonstrated excellent agreement
between the measured and calculated total current between
the S,(D,) and the S,(D);) electrodes (see Ref. 4).
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FIG. 6. (Color online) Confocal microscopy images of

the emission zone collected as it moved across the
channel region of the LEFET. Cross section plots of
emission intensity vs lateral position in each scan are

shown on the right. Cursors and the extended dotted
lines depict the location of the electrode edges that de-
fine the channel region. Silver is the left electrode
[D.(S})], and calcium is the right electrode [S,(D})]. (a)

V=115V, V,==115 V, and V,=0 V. (b) V=115V,
V,==111V, and V,=0 V. (¢) V,=115 V, V,=—=109 V,
and V,=0V. (d) V,=115V, V,==105V, and V,
=0 V.
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As noted in the Introduction, the LEFET can be viewed
schematically as a gate-induced p-n junction; light emission
is expected only in a narrow zone where the electron accu-
mulation layer and the hole accumulation layer overlap.
Therefore, in the ambipolar regime, the location of the emis-
sion zone is controlled by the gate bias and moves across the
channel (see Fig. 3 of Ref. 1). Smith and Ruden” calculated
the gate-to-channel potential and the associated carrier den-
sities (electrons and holes) as a function of distance within
the channel, assuming (initially) an infinite recombination
rate. Their calculations show that the gate-to-channel poten-
tial goes to zero in the gate-induced junction; i.e., where the
hole and electron accumulation regions begin to overlap.
This location, which moves as the voltage is scanned across
the ambipolar region, defines the center of the light emission
zone (and the center of the charge recombination zone). In
the limit of infinite recombination rate, the recombination
zone (and thus the emission zone) would be infinitely nar-
row. In reality, however, the width of the emission zone is
determined by the recombination rate; the smaller the recom-
bination rate, the wider the emission zone.

As demonstrated in Fig. 6, the emission zone has been
spatially resolved using confocal microscopy. Confocal mi-
croscopy is a powerful imaging tool in which the highest
possible resolution is achieved by collecting light at or near
the diffraction limit (A/2) and refocusing it in the confocal
plane. The light collected from a sample is refocused in the
confocal plane through a pinhole. Therefore, only light origi-
nating from the focal point is collected by the detector,
whereas all light emanating from out-of-focus regions is re-
jected. Unlike conventional microscopy, the collected light
forms a point source at the confocal plane and provides no
spatial resolution. Spatial resolution is obtained by scanning
the confocal spot over the sample, effectively creating an
image point by point. Combining this scanning technique
with incident laser excitation provides a high resolution, high
sensitivity optical imaging system commonly referred to as
laser scanning confocal microscopy (LCSM); details of the
instrumentation used in the Buratto laboratory have been
previously published.9

A portable sample chamber was made, which allowed
for the encapsulation of the LEFET in an inert environment
while interfacing it with the confocal microscope. Prior to

A Y

device operation, the channel region was imaged with the
confocal microscope. The channel region was defined by a
region of high photoluminescence (PL) about 16 um long
with regions of no photoluminescence on both sides. The
bright PL region corresponds to the luminescent semicon-
ducting polymer in the channel. The dark regions on both
sides of the channel are the silver and calcium electrodes; the
metal electrodes block the laser from exciting the underlying
luminescent polymer.

Once the confocal microscope was positioned over the
channel, the laser illumination was turned off, and the
LEFET was operated in the dark. Any electroluminescence
within the channel was detected by the confocal microscope
as it was scanned back and forth across the channel of the
LEFET. The same collection principles described above for
the LCSM experiment apply for the collection of electrolu-
minescence from the LEFET. The only difference is the ab-
sence of laser excitation as the LEFET is electrically excited.
Using this technique, high resolution images of the emission
zone within the channel region of the LEFET were recorded.

The confocal microscopy data obtained from a LEFET
are shown in Fig. 6 (the device structure was identical to that
described in Ref. 1; i.e., n** Si/SiN,/PPcB/SY/Ca-Ag).
Data were collected by rastering across the channel from left
to right while slowly scanning from the bottom of the image
and moving toward the top. A bias condition was set and
held constant for a given period of time while the confocal
microscope imaged the emission. Once a sufficiently long
time had elapsed such that a good image was obtained, the
bias was turned off, and the next bias was then set, applied,
and held constant. The confocal microscope continued to
scan in an upward direction while the biases were changed.
For this reason, there is a dark region between the different
images of the emission zone.

Each emission line corresponds to the bias conditions
given in the figure caption. The tilt that can be seen in the
longer collection times of the emission lines, the top image
for example, shows a slow creep of the emission line toward
the calcium electrode on the right side of the channel due to
a bias induced threshold voltage shift for electron transport.
Bias induced threshold voltage shift has been shown for hole
transport semiconducting polymer FETs'"” and has been ob-
served in our laboratory for electron transport as well.'" An
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analysis of the spatial intensity profile shows that the full
width at half maximum of the emission zone is consistently
2 um as it moves across the channel.

Smith and Ruden calculated a series of emission profiles
assuming different recombination rates. For a recombination
rate of 5% 10" s7!cm™ (the smallest value used in their
simulations), they found a width of approximately 0.5 um
for the emission zone. Since the measured width is 2 um, the
actual recombination rate is somewhat slower than 5
X 10'® 57! cm™; more precise evaluation of the recombina-
tion rate will require detailed numerical solutions of the
equations developed by Smith and Ruden.

IV. CONCLUSION

In summary, the device physics of ambipolar light emit-
ting field effect transistors was studied in detail. The thresh-
old voltages for the onset of electron transport,
Vin(electrons), and for the onset of hole transport, Vy,(holes),
were determined by extrapolating |/,,|'/? vs V; for electrons
[current traveling from S,(D,) — S,(D,)] and |I,|'"* vs V; for
holes [current traveling from S,(D,)—S.(D;)]. We found
that |V, (electrons)|=65 V and |Vy,(holes)|=47 V, indica-
tive of significant disorder with traps at the semiconductor-
dielectric interface. For gate voltages in the range of 65 V
<V;<103 V, the device operates in the ambipolar regime
with electrons in the 7" band and holes in the 7 band. Re-
combination of electrons and holes takes place in a narrow
zone of light emission within the channel. In the ambipolar
regime, the location of the emission zone is controlled by the
gate bias and moves across the channel as the gate voltage is
swept between the threshold for electron transport and the
threshold for hole transport. The emission zone was spatially
resolved using confocal microscopy; the full width at half
maximum is 2 um. At the voltage extremes, for example,
when the gate voltage approaches —150 V with respect to the
S.(D;) electrode (Ca), the electron density extends all the
way across the 16 um channel length such that the electron
accumulation layer functions as the cathode for an LED with
hole injection by tunneling from the Au electrode. Similarly,
when the gate voltage approaches +150 V with respect to the
S,(D,) electrode (Au), the electron density extends all the
way across the 16 wm channel length such that the hole ac-
cumulation layer functions as the anode for an LED with
electron injection by tunneling from the Ca electrode. In
other words, in these two limits the carrier densities (elec-
trons in the 7~ band or holes in the 7 band) are sufficiently
high that the accumulation layer functions as a low resistance
contact, implying near metallic transport. These very long
distances for electron and hole accumulation, respectively,
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more than 10 000 repeated units on the semiconducting poly-
mer chain and more than 10 000 interchain spacings imply
the existence of well-defined 7 and 7" bands with a rela-
tively low density of deep traps within the band gap. Since
“SuperYellow” is relatively highly disordered when spin-cast
from solution, we conclude that the well-defined band struc-
ture is a robust feature of semiconducting polymers.

The results presented here indicate that in the ambipolar
regime, there is population inversion in the semiconducting
polymer, with a high density of electrons in the 7~ band
(>10" cm™ in the region near the interface between the
semiconductor and the gate dielectric) and a high density of
holes in the 7 band (again> 10" cm™3 in the region near the
interface between the semiconductor and the gate
dielectric).'? Thus, the LEFET provides a realistic route to-
ward the fabrication of injection lasers from semiconducting
polymers.
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