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According to Moore’s Law, the number of

All-Inorganic Field Effect
Transistors Fabricated by
Printing

Brent A. Ridley, Babak Nivi, Joseph M. Jacobson*

A solution of cadmium selenide nanocrystals was used to print inorganic thin-film
transistors with field effect mobilities up to 1 square centimeter per volt second.
This mobility is an order of magnitude larger than those reported for printed organic
transistors. A field effect was achieved by developing a synthesis that yielded
discretely sized nanocrystals less than 2 nanometers in size, which were free of
intimately bound organic capping groups. The resulting nanocrystal solution ex-
hibited low-temperature grain growth, which formed single crystal areas encom-
passing hundreds of nanocrystals. This process suggests a route to inexpensive,
all-printed, high-quality inorganic logic on plastic substrates.

transistors per microelectronic chip has dou-
bled every 18 months. However, the cost of a

chip per unit of area has remained relatively
static for more than two decades. Hence,
there is interest in developing printing tech-

niques for microelectronics fabrication that are
inexpensive, allow fabrication on plastic sub-
strates, and can cover large areas. The primary
focus to date has been on organic materials for
solution-based printing (/-3). Solution process-
able organic semiconductors such as poly(3-
hexylthiophene) have demonstrated field effect
mobilities of ~0.1 cm? V™1 s7! (3). Theoreti-
cal considerations (4) and experiments with

vacuum-deposited  organic

semiconductors

such as pentacene (5) indicate that the mobili-
ties in organic semiconductors may be funda-
mentally limited to values on par with that of
amorphous silicon: ~1 to 2 em? V~! s7h.
Although solution-processed organic thin-film
transistors (TFTs) have been incorporated in
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optoelectronic devices (3, 6) and radio-frequen-
cy identification (RFID) tags (2), the low mo-
bilities of these TFTs make them inappropriate
for applications in microprocessors, display
drivers, and active matrix backplanes for high-
resolution displays (7).

Inorganic semiconductors are the basis for
almost all high-performance microelectronic
devices. They can have intrinsic mobilities of
~1000 cm? V~! s~!, with lifetimes over 50
years and clock speeds beyond 1 GHz. Inor-
ganic microelectronic devices are generally
fabricated with techniques such as diffusion,
thermal oxidation, ion implantation, photoli-
thography, etching, evaporation, sputtering,
chemical vapor deposition, and high-temper-
ature (>1000°C) film growth. Unfortunately,
inorganic semiconductors are not intrinsically
soluble in any convenient solvents and do not
offer structural variability as a mechanism to
alter their solubility.

We describe a method for printing inorganic
thin films by using stable nanocrystal solutions
as precursors to polycrystalline thin films. Un-
like a bulk crystal, the population of surface
atoms in a nanocrystal is nonnegligible. Nano-
crystals have properties somewhere between
those of a bulk solid and an atomic species, and
the physical, optical, and electrical properties of
a nanocrystal are all functions of its size (8).
The size-dependent melting point depression
observed in nanocrystals (9—12) is critical to the
work reported here. Nanocrystals have been
reported to melt at temperatures 1000°C lower
than their bulk melting temperature (/0-12).
Extreme melting point depressions enable the
melting or sintering of nanocrystals into poly-
crystalline films at low temperatures. The use of
nanocrystals as precursors to bulk thin films has
been proposed by a number of researchers (11—
15), but here we demonstrate that inorganic
TFTs can be fabricated with a semiconductor
nanocrystal solution processed at plastic-com-
patible temperatures.

REPORTS

CdSe is an ideal material for assessing the
feasibility of printing semiconductor nano-
crystal solutions as precursors to thin poly-
crystalline films for TFTs. Vacuum-deposit-
ed CdSe has been used as the active layer in
TFTs since the 1960s. Flexible CdSe TFTs
have been fabricated on aluminum foil, plas-
tic, and even paper (/6). Furthermore, CdSe
semiconductor nanocrystals are very well
characterized and their preparations are well
developed (17).

Although several nanocrystal syntheses
yield II-VI semiconductor quantum dots with
tight size distributions, we have not found the
pyrolytic methods (18, 19) to be suitable for
this application. The heavy coordinating sol-
vent used in these reactions—trioctylphos-
phine oxide (TOPO)—cannot be entirely re-
moved by cap exchange procedures (19, 20).
TOPO is not volatile and decomposes when
heated, leading to carbon impurities in sin-
tered polycrystalline films (/4). Alternate
synthetic methods do not offer the same de-
gree of size control as the pyrolytic syntheses
and generally have tightly bound organic sur-
face groups as well.

The most appropriate synthesis for II-VI
semiconductor nanocrystals that we are
aware of is the CdTe metathesis reaction that
has been demonstrated between CdI, and
Na,Te in methanol (2/). The product from
this synthesis has been spray-deposited as a
part of solar cell fabrication (22). Unfortu-
nately, the nanocrystal size distribution from
this synthesis is broad, and most of the par-
ticles are too large to be expected to melt at
plastic-compatible temperatures. We have
developed a modified metathesis reaction that
yields smaller particles with lower melting
points. Modifications of micelle (23) and
pyrolysis (18, 19) preparations should also
provide nanocrystals appropriate for low-
temperature melting or sintering.

The metathetic route is modified by intro-

Fig. 1. Absorption spectra 0%
covering ultraviolet and vis- 1%
ible wavelengths, demon-
strating the ‘influence of
pyridine on the formation of
CdSe nanocrystals by met-
athesis. The uppermost
spectrum represents a sam-
ple synthesized without any
pyridine, and pyridine con-
centration increases for each
subsequent spectrum as fol-
lows: 1, 3, 7, 17% and a
maximum of 33% by vol-

Absorbance (arbitrary units)
N w - w

ume for the bottom three 275 325 375
spectra. As the concentra-
tion of pyridine increases,

425 475 525 6575 625 675 725 775

Wavelength (nm)

the average particle size decreases and absorption features shift to lower wavelengths (78). Of the three
spectra of partides synthesized in 33% pyridine, the uppermost spectrum was taken immediately after the
reaction, the middle spectrum three hours after the reaction, and the lowest spectrum a day after the
reaction. The sharpening of spectral features with increasing time indicates a reduction of the size distribution

(78) as the partides ripen.

ducing a low-boiling coordinating solvent
into the reaction medium. Pyridine was found
to work well, retarding particle growth and
tightening the size distribution (Fig. 1). Pyri-
dine loosely caps the nanoparticle product
and readily desorbs and volatilizes to leave an
organic-free nanocrystal (/9). A typical syn-
thesis is carried out at room temperature in a
nitrogen-filled glove box. Methanolic solu-
tions of the reagents Cdl, and Na,Se are
prepared (at 7.4 mM concentrations), and a
reaction vessel is charged with pyridine.
Equimolar amounts of the reagents are then
added to the reaction vessel. Pyridine gener-
ally constitutes one-third of the total reaction
volume. The reaction proceeds instanta-
neously, forming a yellow solution that
quickly precipitates the nanocrystalline prod-
uct. The nanocrystals are then isolated by
centrifugation and decanting of the superna-
tant, and the soluble byproduct, Nal, is re-
moved by repeatedly dispersing the product
in methanol and isolating the particles after
centrifugation and decanting. After dissolu-
tion of the nanocrystals in pyridine, they are
precipitated by addition of hexane and again
isolated by centrifugation and decanting. Fi-
nally, the nanocrystals are redissolved in
pyridine and filtered through a 0.2-pm filter.

Absorption spectroscopy reveals that after
the particles are isolated and dissolved in
pyridine, they continue to ripen, favoring a
few select size species (Fig. 1). These bottle-
necks in the growth series result from the
thermodynamic stability of a complete,
closed structural shell (/8). The optical fea-
tures match those reported for the smallest
particles observed in pyrolytic syntheses
(18), which are believed to be extremely
small tetrahedral clusters less than 2 nm
across with structures similar to those report-
ed for discrete CdS (/3) and CdSe (24) spe-
cies. These cluster species are inherently non-
stoichometric, but energy-dispersive x-ray

Sy A g > >

Aol sam )
Fig. 2. The TEM image showing long-range
crystal order resulting from a 30-min heat
treatment at 350°C of CdSe nanocrystals

formed by metathesis in pyridine.
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spectroscopy (EDX) finds that the Cd:Se stoi-
chiometry is 1:1. This indicates that a num-
ber of species exist to produce a balanced
stoichiometry over the whole sample. EDX
also indicates that there is no residual Na or I
from the synthesis.

Previous work on the melting point de-
pression of CdS nanocrystals found that they
sinter together to form a polycrystalline bulk
material with domains no larger than the
original particles (/7). The surface of the
nanocrystal has a lower melting point than its
core, and sintering occurs at about two-thirds
of the suppressed melting temperature (12).
Although the domains that initially form may
be the same size as the nanocrystals, in this
work we used a 30- to 60-min heat treatment
that served as both a sintering and an anneal-
ing step. Transmission electron microscopy
(TEM) showed that the heat treatment pro-
duces crystalline areas as large as 15 nm
across (Fig. 2), which is comparable to grain
sizes reported for vapor-deposited CdSe
TFTs (25). The TEM image is markedly dif-
ferent from images of unheated nano-
crystals. Unheated nanocrystals have ex-
tremely small crystalline areas near the de-
tection limit of the microscope. We have not
observed grain growth with ~20 A CdSe
nanocrystals synthesized by pyrolysis, which

Fig. 3. Thin-film transistor schematic. The test
structure is a coplanar inverted TFT composed
of an n+ Si gate, 100-nm dry thermal SiO,
oxide, and Cr/Au (10 nm/100 nm) source and
drain contacts deposited by electron beam
evaporation. The channel has a length (L) of 8
pm and a width (W) of 293 um.

REPORTS

indicates that the residual TOPO from the
pyrolytic synthesis hinders grain growth.

X-ray photoelectron spectroscopy (XPS)
of films derived via the metathetic route con-
firms that the Cd:Se stoichiometry is near 1:1
and detects I in the sintered films. Although
EDX does not detect I, XPS is a surface
technique and it is possible that I diffuses to
the surface during the anneal. Such behavior
has been documented for Cr (26). Like Cr, I
is expected to act as an n-type dopant.

After synthesis, device fabrication is com-
pleted in the glove box. A single drop of the
pyridine CdSe nanocluster solution is depos-
ited onto the area between the source and
drain electrodes of a TFT test structure (Fig.
3). The semiconductor nanocrystals are heat-
ed by placing the wafer on a hot plate. Var-
ious heat treatments ranging from 150 to
350°C have been used to sinter the nanocrys-
tals in the channel. Upon cooling, Norland
Optical Adhesive 73, a photocurable polymer
adhesive, is deposited and cured to encapsu-
late the active area of the TFT. Unencapsu-
lated devices do not exhibit a field effect.

The TFTs are probed in air in a dark box
at room temperature. Those heated to 150°C
do not exhibit a field effect and are indistin-
guishable from control TFTs fabricated with-
out any heating of the deposited nanocrystals.
TFTs processed at 250°C do exhibit a field
effect, with higher mobilities observed with
higher temperature treatments.

A TFT ramped from room temperature at
80°C/min and held at 350°C for 1 hour shows
an ON/OFF ratio of 3.1 X104, a linear regime
mobility of 1 em? V-! 57!, a threshold voltage
of 6.7 V, and a subthreshold slope of ~7 to
10 V per decade (Fig. 4A). Several devices
with similar characteristics have been fabri-
cated. The hysteresis mechanism is currently
under investigation; it may be due to interface
states at the semiconductor/insulator interface
or simply due to poor encapsulation and ox-

10 05
A B
-4l
107 0.4 -
Vg =40V
107 03
- 3
< E
Ay < Vgg =20V
~0.2
107
0.1 Vg =0V
1079 Vgg = —20V
-40 ~20 20 20 % 2 10

0
Vs V)

4 6
Vos ()}

Fig. 4. Drain current versus gate source voltage (/p-Vgs) and drain current versus drain source
voltage (/p-Vps) characteristics of a TFT. (A) log /p-Vs indicates an ON/OFF ratio of 3.1 X 10* for
a gate sweep of Vo = —40 V to Vo = 40 V at V,o = 2.5 V. The subthreshold slope is ~7 to 10
V per decade and the hysteresis is clockwise. A linear regime mobility (n) of 1 cm2 V=157 T s
extracted by equating the slope of an /,-V plot to (W/L)uC,, Vys at Vg = 2.5V, where C__is
the capacitance of the gate oxide. A threshold voltage of 6.7 V is extracted from the V intercept

of an /5-Vs plot. (B) /5-Vps with a gate sweep from V¢

= —40V to Vg = 40 V in 20-V steps.

idation of the TFT. Vapor-deposited CdSe
TFTs exhibit similar hysteresis (27, 28). The
negative resistance seen in the saturation re-
gion of the I,-V4 characteristics of the same
device is also likely to be caused by hyster-
esis in the semiconductor film (Fig. 4B).

The mobility of these TFTs is approximate-
ly an order of magnitude larger than the mobil-
ity of printed organic TFTs. Although these
results represent the highest printed mobilities
to date, the peak mobilities observed in nano-
crystal-derived CdSe films are more than two
orders of magnitude lower than the mobilities
of vapor-deposited CdSe films. Further im-
provements in nanocrystal solution purity and
processing techniques are expected to yield fur-
ther increases in field-effect mobility.

Although our processing temperatures are
compatible with high—glass transition tempera-
ture plastic substrates such as polyimide, they
are not compatible with transparent plastics.
However, laser annealing of semiconduétor
nanocrystals could be used to further reduce
processing temperatures and to improve film
quality. The CdSe thin films described in this
report were cast from solution with a micropi-
pet, but we have also been able to pattern
nanoparticle solutions through drop-on-demand
ink-jet printing (80-pm drops, 10-pwm spacing),
direct optical patterning (2-pm features), and
stamping (250-nm features) (29).

Finally, we note that we have successfully
applied these techniques to fabricate TFTs us-
ing the semiconductor CdTe. Because the size-
dependent melting point depression in these
II-VI semiconductors is a general effect ob-
served across a broad class of materials (/0),
the approach we have outlined is applicable to
the printing of inorganic conductors and insu-
lators as well as a wide variety of semiconduc-
tors, including Si, Ge, GaAs, and InP.
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Bidirectional Semiconductor
Laser

Claire Gmachl,* Alessandro Tredicucci, Deborah L. Sivco,
Albert L. Hutchinson, Federico Capasso, Alfred Y. Cho

A semiconductor laser capable of operating under both positive and negative
bias voltage is reported. Its active region behaves functionally as two different
laser materials, emitting different wavelengths, depending on the design, when
biased with opposite polarities. This concept was used for the generation of two
wavelengths (6.3 and 6.5 micrometers) in the midinfrared region of the spec-
trum from a single quantum cascade laser structure. The two wavelengths are
excited independently of each other and separated in time. This may have con-
siderable impact on various semiconductor laser applications including trace gas
analysis in remote sensing applications with differential absorption spectroscopy.

Most optoelectronic semiconductor devices,
such as conventional semiconductor lasers,
light-emitting diodes, and solar cells, are bi-
polar; that is, they contain a combination of
semiconductor layers doped with donor im-
purities (n-type doped) and with acceptor im-
purities (p-type doped). The resulting built-in
electrostatic potential provides an inherent
directionality to these devices and renders
them functional for a specific voltage polar-
ity. On the contrary, unipolar optoelectronic
devices offer the possibility of bidirectional
use. The invention and development of unipolar
lasers known as quantum cascade (QC) lasers
(4, 2) have attracted considerable attention
because they can be designed to operate in an
extremely broad spectral range (the entire
midinfrared spectrum). This is done by con-
trolling the layer thicknesses rather than the
material composition, with band-structure en-
gineering (3) and molecular beam epitaxy
(4). In addition, the generation of many laser
photons per injected electron above thresh-
old, due to the cascading of active regions, is
responsible for the unprecedented power of
QC lasers (2, 5).

Here, a bidirectional, unipolar semicon-
ductor laser is presented. Unlike all other
semiconductor lasers, including QC lasers
fabricated to date (2), it operates as a light
source under both positive and negative bias
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voltage. In addition, the operating wave-
length can be made different in the two po-
larities. These features provide functionality
not available in conventional semiconductor
lasers, opening the door to many useful ap-
plications (6).

In QC lasers, the optical transition takes
place between quantized states in the conduc-
tion band of a multiple quantum well struc-
ture (/, 2). The emission wavelength is de-
termined by the energy level difference,
which is controlled by the well and barrier
thickness and the applied electric field. In
general, reversing the applied bias in standard
QC lasers alters the energy level structure,
thus preventing laser action. The device pre-
sented in this paper operates instead as a
different QC laser in each polarity.

In the diagram describing the basic prin-
ciple of operation of the bidirectional QC
laser (Fig. 1), a portion of the conduction
band structure, two active regions with the
connecting injector region, is shown. QC la-
sers typically contain a stack of N ~ 30
periods of alternating active regions and in-
jectors (2, 5). In the present design, under an
appropriate applied positive bias (Fig. 1A),
laser action takes place from level G, to
level 1, through a photon-assisted tunneling
or diagonal transition (wavy arrow) because
the two states have reduced spatial overlap
(7). Level 1 is the ground state of the active
region quantum well, whereas G_ is the
ground state of the miniband—a dense man-
ifold of electronic levels in the superlattice
injector. This miniband is designed so that
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under application of a suitable electric field,
G, is spatially localized close to the injection
barrier (7). The emitted photon energy is
controlled, for a given active region quantum
well, by the thickness of the injector layers in
the immediate vicinity of the injection barrier
and by the applied electric field. A reversal of
the bias polarity (Fig. 1B) will localize the
injector ground state G_ at the opposite end
of the injector miniband. With an injector
entirely symmetric around its center, G, and’
G _ would be equivalent, and the laser wave-
length would be the same in both polarities.
If, however, the injector regions are designed
as asymmetric, the energy position of G_ will
be different than that of G, leading to dif-
ferent laser wavelengths A .

The exact layer design, a portion of the
band structure, and the moduli squared of the
relevant wave functions of sample D2520 are
shown in Fig. 2. We briefly discuss the de-
sign parameters that are important for bidi-
rectional, dual-wavelength operation. An in-
depth description of QC lasers based on pho-
ton-assisted tunneling, including the implica-
tions of the reduced spatial overlap of the
electron wave functions involved in laser ac-
tion, can be found in (7). The important
quantity in the calculation of the threshold
gain of QC lasers is k, = z,2E_ 7. The
product of the first two factors, that is, the
square of the optical matrix element z, and
the energy of the transition £ , is proportion-
al to the oscillator strength f.. 7. is the
lifetime of level G.., determined mainly by
the relaxation time from G.. to level 1, due to
the emission of a longitudinal optical phonon.
The indices imply that these values can be set
independently for each bias direction. If one
is interested in a device with two different
emission wavelengths, thatis, £, # E_, but
comparable threshold current and voltage (8),
then z, and 7. need adjustment to achieve
k_ = k. at the same applied eléctric field,
regardless of the polarity. N

For sample D2520, shown in Fig. 2 under
an electric field of £90 kV cm™! correspond-
ing to the' threshold, we calculated z, =
0.35nm,z_ =0.32nm, 7, =46ps,T_ =
64ps,and £, = 198 meV, E_ = 173 meV,
respectively. This results in k, = 1.12 nm?
ps eV and k_ = 1.14 nm? ps eV, which are
sufficiently close to each other to suggest
very similar threshold currents. Population
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