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of environments will also be presented. Taken together,
our results indicate that novel heterojunction
optoelectronic devices based on crystalline organic
materials may provide a new class of practical devices
for advanced photonic systems.

2.Active Optoelectronic Devices

We have found that many crystalline organic
materials, &od in particular those based on the archetype
compound, 3,4,9, 10 perylenetetracarboxylic
dianhydride (PTCDA) form rectifying heterojunctions
when deposited onto the surfaces of inorganic semicon-
ductor substrates. This heterojunction is the basis of a
large variety of active electronic devices which we have
demonstrated for use in optoelectronics. The basic
heterojunction structure is shown in Fig. 1. Typically .
1000 A of the organic material is deposited by vacuum
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sublimation onto a precleaned and deoxidized semicon-
ductor surface. Prior to deposition it is important to
purify the organic source material. Typically, this can be
achieved using either successive gradient sublimation of
the commercially available crystalline material, or
alternatively by refluxing in a high boiling point solvent.
The highest purity is obtained using the former tech-
nlque.
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A new class of engineered materials based on organic semiconductors vacuum deposited
onto the surfaces of inorganic semiconductor substrates is described. Based on these novel
heterojunctions, novel devices such as photodetectors, field effect transistors and waveguides
have been demonstrated. In this paper, the growth, fabrication, and charactenzation of these
devices is given in detail. We also discuss the conditions which lead to ordered growth between
lattice mismatched organic thin films into novel "quasi-epitaxial" sffuctures such as fully organic
multiple quantum wells. The interesting linear and nonlinear optical properties of these sffuctures
are also considered.

1.. Introduction

Recent work in many laboratories worldwide [1-
4l has demonstrated a new Class of engineered materials
with application to photonic devices. These materials are

variorisiy known as "van der Waals solids", "layered
materials" or "quasi-epitaxial materials". The property
which these materials have in common is that the
cohesive force which bonds the various material layers
together is the relatively weak van der Waals force. This
relults in the ability to layer materials which are highly
lattice-mismatched without inducing defects in the crystal
structure. One particularly interesting class of van der
Waals solids wiih applicadions to a very broad range of
optical and electronic devices is based on structures
cilnsisting of crystalline organic semiconductors {11.
These materials have been found to have excellent
electrical and optical characteristics when groryn !y ttt"
ultrahigh vacuum process of organic molecular beam
deposiiion (OMBD) onto other organic semiconductors,
or-even onto the surfaces of inorganic semiconductors
such as Si, GaAs or InP t51. For example, high
bandwidth photodetectors consisting of layers of
perylene-based compounds deposited on Si substrates
have been demonstrated [6], as have field effect
transistors based on organicAnP heterojunctions [7].
Furthermore, waveguides and other optical devices have
been demonsffated using these quasi-epitaxially groryn
layers [8]. However, before a family of de-vices can be
realized which is practical for use in demanding photonic
systems applications, it is impoltant - that issues
surrounding process compatibility with other semicon-
ductors, and environmental stability of the constituent
materials is proven. In this paper, we will discuss
severalnovel devices based on organic semiconductors,
and on the organic/inorganic semiconductor hetero-
junction (OI-HJ). Device fabrication and performance
details will be discussed, and evidence that the OI-HJ is
in fact a very electrically stable junction in a wide variety
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The semiconductor can be either p or n-type, and
can be chosen from a wide variety of group IV, III-V or
U-VI compounds such as Si, Ge, GaAs, InP, CdTe, etc.
The junction between the organic film and the
semiconductor substrate is the heterojunction which ul-
timately determines the properties of the device. Next,
ohmic contacts are deposited onto the exposed subsnate
surface as well as onto the organic material. For
PTCDA, typical ohmic contact materials include indium,
tin, titanium, and indium-tin-oxide (ITO). Current-
blocking contacts to PTCDA are obtained using gold or
aluminum.

Due to the very large anlsotroptes tn rne
conductivity of the organic thin film, the applied electric
field (and hence the current in the device) is confined
only to the region beneath the contact pad. That is, there
appears to be no lateral spread of the current, hence
making the device fabrication exffemely simple, since no
device isolation other than that determined by the extent
of the contact, needs to be employed.

Typical bipolar current-voltage (I-V)
characteristics of an In/PTCDA/p-Si device are shown in
the inset of Fig. 2l9l. Here, the substrate free carrier
concentration was 3 x 1015 cm-3. From these
characteristics, it is observed that the forward current
increases exponentially with voltage, whereas the reverse
I-V characteristics show avalanche breakdown at -150V.
We attribute reverse breakdown to avalanche in the Si
substrate. A detail of the reverse I-V characteristic is
shown in Fig.2. For a diode area of 1.25 x L0-4 cm2,it
is apparent that the dark current at 50V is -1. nA, which
in this case is probably limited by generation and
recombination within the Si substrate.

Such devices have obvious uses as avalanche
photodetectors, since the OI-HI can be used to apply
large voltages across the underlying substrate. Due to
the uniformity of the electric field under the contact pad,
it is possible to make such photodiodes with both high
quantum efficiency and avalanche gain [6]. This has
indeed been demonstrated in our laboratory, where gains
approaching 100 have been observed. In addition, the
low leakage current OI-HJ can be used in many other
depletion mode devices such as field effect transistors
t7l.

It is useful to estimate the ultimate bandwidth to
be expected from such depletion mode devices. In
previous work, it was found that ITOIPTCDA/p-Si
ihotodiodes with a 1500 A thick organic layer triO a
risefall time limited by transit of carriers across the
PTCDA of 5 ns [6]. This implies a camier (hole)
velocity of 3000 cm/s. We have demonsffated that it is
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possible to deposit continuous thin films of < 50 A,
giving an ultimate switching time of -150 ps. In fac, as
the growth technology improves and the layer
thicknesses are reduced, even shorter device time con-
stants are to be expected. Nevertheless, 150 ps time
constants implies a bandwidth of f = 1 GHz, which is
adequate for many important optoelectronic applications.

3. Patterning and passivation

Another important question to be answered
regarding the practicality of the OI-HI for use in systems
applications is related to the physical and electronic
stability of the devices. We have successfully developed
means for photolithographically patterning and
passivaq4g OI-HJ devices, and have demonsrrated long-
term stability in their electrical characterisrics [9].

In Fig. 3 is shown a schematic cross-section of a
patterned OI-HJ dgvice. After deposition of the organic
inin fim, a 3000 A thick layer of SiOZ is pyrolyti?affy
deposited at 150oC using a mixture of silane and oxygen.
This acts as a "patterning" layer onto which photoresist
can be deposited and patterned without damaging the
softer crystalline organic layer, and also prevents
contaminants from diffusing through the organic thin
film to the OI interface.
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To pattern the devices, a negative photoresist is
spun onto the SiO2 surface, and then is patterned using
standard techniques. Next, this pattern is "duplicated" in
the SiO2 by etching using 10:1 HZO:HF, which does not
attack the PTCDA film. Next, ohmic metallization is
deposited (typically Ti/Pt/Au), and contacts are defined
by once again patterning the wafer surface, and then
etching away those regions not contacting the PTCDA
layer.

We have tested the environmental stability of
such devices using In as the top contact, and the results
of long tenn measurements of the dark current of the
diodes held at elevated temperature is shown in Fig. 4.
For the first 1000 hr., the diodes were held at 80oC and
the dark cunents were measured periodically at room
temperature. It is observed that, although the dark
current of some of the diodes was as low as 300 pA,
there was no degradation of the devices over this time
period. After 1000 hr., the temperature was increased to
100oC (limited by the softening temperature of the In
contact). After 3000 hr. total aging time, only one
device was observed to fail, as indicated by a dark
current increasing from < I pA to 2 pA over a period of
2000 hr.
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Although these tests are a very preliminary
indication of the stability of the devices, it appears that
indeed the OI-HJ can form the basis of a reliable device
technology for use in advanced optoelectronic systems.

4.Devices based on quasi-epitaxial organic
growth

We have demonstrated that crystalline organic
molecules can, under some conditions, be deposited in a
crystalline form on many substrates even though the
fiths are highly lattice mismatched with the substrate.
This unusual, ordered form of growth is termed "quasi;
epitaxy" (q-e). The charge transport and optical
pioperiies oT these novel layered struc^tures provide an

irnuiually large range of possibilities for materials and
device ftrysiiists. 

- In elfect, their combination of
physical properties bridge lhe -materials spectrum
beiween sbmi-conductors ahd insulators, and opens the
prospect for a broad new class of enginegre,+ materials
ior use in future generation optoelectronic device appliga-
tions. To summaize our findings to date, q-e crystalline
organic compounds have several properties which, taken
tolether, mirke them unique in the known spectrum of
materials:
1. Many crystalline materials bonded by vdW forces can
be grown into ordered q-e films on substrates or other
filrns without regard to lattice matching requirements.
2.The anisotropit crystalline sffucture of the films results
in giant anisotropies in their conductive and dielectric
prdperties. As-an example, PTCDA films have a

birefringence of An = 0.66. Recently, polarization-
selective waveguides employing the large birefringence
of PTCDA have been demonstrated [8].
3. Heterojunctions consisting of two organic films in
contact with each other often exhibit electrical and optical
properties analogous in many ways to fully inorganic
heterojunctions tl0l.
4. Evidence for quantum confinement in very thin layer
organic multiple quantum well structures has furthered
our understandingbf the nature of excitons in crystalline
organic materia-ls. In addition, the observation of
quantum confinement suggests that many devices based
on organic MQWs are becoming a realistic possibility.
One example of such a device would be an organic
MQW optical modulator which could be made to cover
all regions of the UV, visible or near IR spectral regions,
depending on the choice of organic compounds
employed.
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