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An Organic Solid State

Injection Laser
J. H. Schén, Ch. Kloc, A. Dodabalapur, B. Batlogg*

We report on electrically driven amplified spontaneous emission and lasing in
tetracene single crystals using field-effect electrodes for efficient electron and
hole injection. For laser action, feedback is provided by reflections at the cleaved
edges of the crystal resulting in a Fabry-Perot resonator. Increasing the in-
jected current density above a certain threshold value results in the decreasing
of the spectral width of the emission from 120 millielectron volts to less than
1 millielectron volt because of gain narrowing and eventually laser action. High
electron and hole mobilities as well as balanced charge carrier injection lead to
improved exciton generation in these gate-controlled devices. Moreover, the
effect of charge-induced absorption is substantially reduced in high-quality
single crystals compared with amorphous organic materials.

Semiconductor lasers are widely used in mod-
emn science and technology. Compared with
conventional inorganic semiconductors, organ-
ic semiconductors offer potential advantages
with respect to easy processing, lower cost, and
flexibility. Hence, electrically driven lasers
based on organic semiconductors might find a
wide range of applications. Optically excited
lasing and amplified spontaneous emission
have been observed in a wide range of semi-
conducting polymers, small molecules, and or-
ganic single crystals (/-9). Moreover, amor-
phous or nearly amorphous organic and poly-
meric semiconductors have been very success-
fully used in thin-film organic light-emitting
devices (OLEDs). These devices typically re-
quire injection current densities of 1 to 10 mA/
cm? to achieve brightnesses of order 100 cd/m?
(4). For laser applications, substantially higher
current densities will be required. Reduced lu-
minescence efficiencies at high injection cur-
rent densities and charge-induced absorption
have been identified as major problems for
electrically pumped OLEDs (4, 10, 11). Anoth-
er limiting factor is the low charge carrier mo-
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bility. As an electrically driven device is strong-
ly influenced by the transport properties of the
semiconductor, we focus on organic materials
that exhibit high mobilities for electrons as well
as holes.

Materials properties. Mobilities on the
order of 2 cm? V™! s7! can be achieved in
tetracene at room temperature. This is more
than four orders of magnitude higher than
mobilities in materials used in conventional
OLEDs (4, 8, 10). Tetracene also offers a
reasonably high photoluminescence quantum
yield, and electroluminescence has been re-
ported for single-crystal diodes (/2). Optical-
ly pumped amplified spontaneous emission
has been observed in tetracene-doped (I3,
14) and undoped anthracene single crystals
(15). To minimize extrinsic influences such
as grain boundaries, defects, or disorder, we
investigated high-quality single crystalline
samples to unveil the intrinsic opto-electronic
properties of this material.

Device design. To ensure facile electrical
contacts and balanced injection of electrons
and holes, we used two field-effect elec-
trodes. Tetracene single crystals were grown
from the vapor phase in a stream of inert gas
(16). Typical samples exhibit smooth faces of
some mm? and thicknesses in the range of
about 1 to 10 pm. Field-effect device struc-
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tures were prepared on freshly cleaved crystal
surfaces. Source and drain electrodes (Au for
holes and Al for electrons, respectively) were
thermally evaporated through a shadow mask
defining a 25-pum channel length and several
hundred pm channel width. An amorphous
Al,O, layer was sputtered onto the crystal,
resulting in a capacitance of C; = 50 nF/cm?
between the gate electrode and the crystal.
Finally, transparent Al-doped ZnO gate elec-
trodes were deposited. A schematic of the
structure is shown in Fig. 1A.

It has been recently demonstrated that am-
bipolar charge transport, i.e., n- as well as p-
channel activity, can be obtained in high-quality
single-crystal polyacene field-effect transistors
(FETs) (17). Hence, gate-controlled electrodes
can realize efficient electron as well as hole
injection, with the field-induced charge acting
as a heavily doped “contact” to the crystal.
Furthermore, charge carrier mobilities as high
as 10° to 10° cm? V! s7! are achieved at low
temperatures, and Fractional Quantum Hall
transport has been observed in similar devices
at temperatures below 4 K (/8). Typical thresh-
old voltages ¥, of the FETs are —0.6 V for
p-channel and +1 V for n-channel operation.
The carrier concentration in the channel region
can be adjusted by the applied gate voltage.
Organic semiconductor crystals can act as a
waveguide, as has been shown for optically
pumped oligothiophene crystals (19, 20). How-
ever, in the present structure, the Al,O, layer
(~150 nm) is too thin to serve as a cladding
layer. Thus, a planar multimode waveguide is
formed by the entire structure with air as the
cladding material on both sides. This means
that at low injection current densities, a substan-
tial fraction of the guided modes are in the lossy
ZnO layers. The geometry of the device is such
that there are many modes, and an analysis of
the optics of this structure will be published
elsewhere. An overall internal loss on the order
of 100 cm™! is estimated for this multilayer
structure. Feedback is provided by cleaving the
crystal perpendicular to the waveguide struc-
ture, resulting in a Fabry-Perot-type resonator.
Assuming an ideal reflectivity of 8% for these
cleaved edges, mirror losses on the order of 50
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Fig. 1. (A) Structure of A
the tetracene single-
crystal device that uses
two field-effect elec-
trodes for charge injec-
tion. Source, drain elec-
trodes, a gate dielectric
layer, and gate elec-
trodes were deposited
on the top and bottom
of a single crystal. Elec-
trons and holes are in-
jected by applying a B
positive (bottom) or
negative (top) source-
gate voltage, respec-
tively. In addition, a
voltage (about 5 V)
was applied across the
crystal between both
field-effect electrodes
(between drain 1 and
source 2 as well as be-
tween source 1 and
drain 2). Electrolumi-
nescence and amplified
stimulated  emission
are detected from the
edge of the crystal. (B)
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Schematic energy band diagram illustrating the directions of electron and hole current flow in the

device.

to 100 cm™! are estimated for a resonator
length of several hundred pm. However, we
expect the actual reflectivity at the facets of the
crystal to be lower than 8% because of imper-
fections in the cleaving. In such structures, it is
expected that gain guiding becomes important
at high injection current densities.

Device operation. Applying a negative gate
voltage to the top gate and a positive voltage to
the bottom gate, holes and electrons are induced
at the top and bottom tetracene/Al, O, interface,
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Fig. 2. Optical power as a function of current
density for pulsed excitation (10 ps, 100 Hz) at -
5 K. The insets show the change of the emission
spectrum as a function of excitation.
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respectively. The electron (r,) and hole (n,)
concentration can be estimated with the gate
voltage V¥, and capacitance C; (n ~ CV Je).
Densities on the order of 10'* cm™2 are
achieved for ¥, of 50 V. If a potential differ-
ence is applied between the electron gas and
hole gas induced by the two gates, the electrons
and holes will flow to the bottom and top,
respectively, resulting in a net current across the
device (Fig. 1B). This voltage, which represents
the voltage drop in the sample, was maintained
at 5 V in the experiments reported here. How-
ever, the current density is varied by the applied
gate voltages. This changes the conductivity of
the electron and hole gases that form the “ohm-
ic contacts” to the bulk of the crystal. Thus,
current injection into the device is essentially

1.0 T T

contact limited. As a result of the injection of
electrons and holes, excitons are formed and
light is emitted. The emission intensity at 5 K as
a function of the pulsed current density (10 s,
100 Hz) up to 1700 A/cm? (Fig. 2) shows that
at relatively low current densities j (<1 A/cm?),
three peaks can be observed (see Fig. 3). They
can be identified as radiative recombination
from the first excited state to the ground state
(0-0) and its vibronic progressions (0-1, 0-2,
...) (21). The spacing between the bands of
170 meV corresponds to intramolecular vibra-
tions. When the current density is increased by
increasing the source-gate voltages, the 0-1
band becomes dominant and its width narrows
from about 120 meV to 10 meV for 30 A/cm?.
Finally, at even higher j (>500 A/cm?), the
linewidth collapses to less than 1 meV (see Fig.
4) and is limited by the resolution of the mea-
surement setup. The abrupt spectral narrowing
in combination with the distinct threshold (30
A/cm?) is typical of amplified spontaneous
emission along with gain guiding. The second
decrease of the linewidth at higher current den-
sities (>500 A/cm?) indicates the onset of laser
action. The estimated gain becomes compara-
ble to the overall resonator losses, resulting in
laser action at these current densities. The large
difference between thresholds for observing
gain narrowing and laser action is because of
the low reflectivities of the end mirrors, which
lead to a high mirror loss.

Above the threshold for the amplification of
spontaneous emission, Fabry-Perot fringes
characteristic of a resonator with gain are ob-
served. The fringe spacings are consistent with
axial mode spacings of a cavity of appropriate
length (22, 23) (see Fig. 3 and insets in Fig. 2).
The reduction in the number of peaks with
increasing pump power is also a clear indication
of laser action at current densities exceeding
500 A/cm?. At the highest pump current densi-
ties, a single resolution limited peak is observed
at 575.7 nm. The transition from amplified
spontaneous emission to laser action occurs

Fig. 3. Normalized elec-
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Fig. 4 (left). Full width at half maximum (FWHM) of the emission
spectrum as a function of excitation current density (5 K, pulsed). The
linewidth collapses from about 120 meV to less than 1 meV. At the
highest current densities, the linewidth is limited by the resolution of

near 500 A/cm?; this can also be discerned from
the slopes in Fig. 2. As pointed out above, the
threshold for observing effects of optical gain is
much lower (~30 A/cm?). Gain narrowing is
also observed at low temperatures (<200 K) for
continuous wave (CW) excitation. Emission
spectra taken at 300 K are shown in the inset of
Fig. 5 for pulsed excitation at two injection
densities. Here again we observe signatures of
amplified spontaneous emission and lasing,
with a single peak above current densities of
1600 A/cm?.

The use of two-dimensional gases of elec-
trons and holes is an effective way to inject
electrons and holes into a nominally undoped
semiconductor. Doping of such semiconduc-
tors is possible and has been demonstrated.
However, the diffusion of such dopants is
likely to adversely affect the optical proper-
ties. Thus, the formation of electron and hole
gases with field-effect structures is a promis-
ing way to realize efficient ohmic contacts to
inject large carrier densities required for laser
action in organic single crystals. We reiterate
that while the source-gate voltage is being
modulated, the potential difference across the
organic crystal is held fixed at 5 V. In our
arrangement, it is the source-gate voltage
modulation that is responsible for the changes
in intensity as well as gain narrowing of the
emission spectra. Moreover, the injection of
charge carriers can be controlled and bal-
anced by individually adjusting the source-
gate voltages of both metal-insulator-semi-
conductor structures. As the threshold volt-
age V, was similar for the n- and p-channel
FETs, the source-gate voltages were chosen
to be the same for electron and hole injection.

Future prospects. Organic semiconductors
can be approximated by a four-level system
(24), unlike semiconductors such as GaAs,
which are three-level systems. The natural

the setup.

stokes shift that exists between the absorption
and emission spectra means that the threshold
pump density required to achieve transparency
is much less than in materials such as GaAs.
Indeed, all that is required is to overcome the
losses of the system. Optimization of the mate-
rials used in the structure shown in Fig. 1 will
help lower the optical losses of the system. In
amorphous OLEDs, carrier-induced transparen-
cy is overwhelmed by the induced absorption
(25). In sharp distinction, in single crystals of
tetracene, our data imply that the gain is higher
than the combined losses—residual and carrier-
induced. The above factor, as well as the much
higher mobilities and transparencies near the
absorption edge, are advantages of single crys-
tals over amorphous and polycrystalline organic
semiconductors for injection laser applications.
Thus, although disordered organic/polymer
semiconductors have proven to be very suc-
cessful for light-emitting device applications,
our results indicate that high-quality single
crystals hold promise for injection lasers based
on organic semiconductors.

The above inferences suggest that in an
optimized device, the threshold current density
(for laser action) could be more than two orders
of magnitude less than the maximum injection
density used in these experiments. This in turn
indicates that room temperature CW-laser ac-
tion is a strong possibility in materials such as
tetracene. The structure used for this study can
be improved upon in many ways to lower the
threshold for stimulated emission. Use of a
low-loss waveguide is an obvious way. The
incorporation of a high-quality cavity or reso-
nator will facilitate true room temperature CW-
laser action by reducing the threshold.
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