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Scanning electron microscopy and scanning tunneling microscopy are used to determine the 
morphology of CuTCNQ films made using solution phase and vapor phase spontaneous formation 
methods. Values of film thickness range from 0.1-20 pm. All the films, irrespective of their 
method of preparation, display roughness on the order of their thickness. On the other hand, 
the morphology of these films varied significantly with preparation procedure. Resistance data 
from Cu-CuTCNQ-M devices (where M = Cu, Al, or Cr) are reported as a function of timed 
exposure of the freshly made devices to various gasses. Only devices having a thin A1 top metal 
show significant resistance (>lo0 Q for a 1 mm2 junction), and then only after exposure to air. 
We suggest that the electrical switching phenomena often reported in Cu-CuTCNQ-Al structures 
cannot be understood without considering the interfacial interaction between the CuTCNQ 
film and the top metal. 

Introduction 
Since the discovery that films of copper 7,7,8,8-tetra- 

cyanoquinodimethane (CUTCNQ)~ exhibit a bistable 
switching phenomena, there have been many attempts to 
determine the switching mechani~m.~-l~ This switching 
phenomena can be observed by sandwiching films of 
CuTCNQ (about 1 pm thick) between a copper and an 
aluminum electrode and then applying a potential of 
sufficient ~ t r e n g t h . l - ~ J ~ J ~  The mechanism by which this 
phenomena occurs is still not clear. An often-quoted 
mechanism proposed by P~tembeG-~ states that when an 
electric field of sufficient strength (independent of di- 
rection) is applied, the film will switch to the low resistance 
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state (a few hundred ohms). When the direction of the 
field is reversed, Potember reports that the material will 
return to its high impedance state Potem- 
ber believes that the observed switching is a bulk property 
of CuTCNQ and depends only upon the applied electric 
field through the following process: 

(CU+TCNQ-), - CUO, + TCNQO, + (cu+TcNQ-),-, 
(1) 

Although several groups have observed the switching 
phenomena, their results differ and do not necessarily 
support the mechanism proposed by Potember. That is, 
the critical field strength required to cause switching and 
the resistances obtained for the high and low impedance 
states differ significantly. Some studies suggest that the 
phenomena may not be a bulk property, but an interfacial 
phenomena involving the metal electrodes.13J4 Potember 
reports that the threshold for switching is the same in 
both polarities; but, others observe marked asymmetry in 
the switching threshold with bias dire~ti0n.l~ Sato and 
co-workers also report that the switching threshold does 
not depend on film thickness;13 Le., it is not readily 
identified as an electric field induced phenomena. Also, 
the resistivity of bulk CuTCNQ is only about 100 Q 
cm,l5J6J8 According to the proposed mechanism, the high 
impedance state should only be a few ohms; but, according 
to most r e p ~ r t s , ~ - ~ J ~ J ~  the initial junction resistance is in 
the region of lo5 Q. 

To complicate the issue further, changes in state of 
CuTCNQ have been induced by p h o t o n ~ ~ , ~ ~ ~ J ~ J ~  and by 
application of large voltage pulses5J7 in the scanning 
tunneling microscope. While the changes produced by 
photons or by high voltage in the STM can apparently be 
reversed by heating, no one has demonstrated that these 
processes can be reverse by application of an electric field. 
Thus, it is possible that the mechanisms for the three 
forms of switching are all different. In our opinion, the 
forward process in eq 1 has been most clearly demonstrated 
to apply to the photon induced process wherein the reverse 
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process can be reliably initiated by heating. In the STM 
"writing" case the products have not been identified, and 
it has not been shown that the process is reversed by 
applying an opposed voltage. 

To better understand the properties of this interesting 
material and to resolve some of the questions surrounding 
the behavior of Cu-CuTCNQ-M devices, a multifaceted 
study of the structure, composition, and electronic prop- 
erties of these structures is required. In the present paper, 
we will address the role played by CuTCNQ film mor- 
phology in determining the electronic characteristics of 
the completed device. 

NC CN 
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Solution grown CuTCNQ films used for film growth studiee 
were made as follows. A Cu metal surface (dish of total surface 
area3.6 cm2), as prepared above, was combined with 4 mL of 0.01 
M TCNQ in acetonitrile (CHsCN) for a desired amount of time 
at  a given temperature. This was accomplished with a two- 
chamber glass cell that allowed the Cu and the TCNQ solution 
to be sealed separately under vacuum. The cell was then heated 
to the desired temperature and a valve between the two cella 
opened so the solution and Cu could be combined. After the 
desired amount of time the Cu-CuTCNQ bilayer was removed 
and rinsed with fresh solvent and then allowed to dry. The 
solution was not stirred during film growth. Samples varied from 
6-20 gm in thickness. Thus, up to about half the total TCNQ 
dose was consumed during the course of the reaction. 

For the solution grown samples upon which electrical mea- 
surements were made, the bottom electrode was formed by 
depositing 4.1 cm X 0.1 cm X 0.6 pm (length X width X height) 
of Cu onto a glass substrate. Within 2 min of completing this 
Cu electrode, it was dipped into 26 mL of a stirred saturated 
solution of TCNQ and CuTCNQ in acetonitrile for 2 min. The 
freshly formed bilayer was then rinsed with acetonitrile. Indium 
solder was used to attach wires to points where electrical contact 
would be made upon deposition of the top metal. Then the Cu- 
CuTCNQ film was returned to the vacuum system and the 
electrical leads connected to a Fluke 8842A DMM th roah  a 
vacuum electrical feedthrough. These electrical leads were used 
to perform four-terminal junction resistance and two-terminal 
top metal resistance measurements. 60-100 nm of Al, Cr, or Cu 
was then resistively deposited across the CuTCNQ surface to 
formacrossstrip 1 mmwide (1 mmljunctionarea). Fourterminal 
junction resistance and top metal strip resistance were then 
measured as a function of time and gas exposure. The first 
measurements were taken at  a pressure of 4 X 10" Torr. 

For the vapor-deposited films, 100 nm of Cu was resistively 
deposited under vacuum using 99.999% pure Cu evaporated from 
a tantalum filament. Thoroughly cleaned Corning brand mi- 
croscopic glass slides were used as substrates. Then, successive 
layers of TCNQ and Cu were deposited until the desired f i i  
thickness was reached. The thickness of each of the layers was 
measured using a quartz crystal f i i  thickness monitor. The 
resulting structure was then heated at  110 OC for 10 min in 
nitrogen. A top electrode (Al, Cu, or Cr) 1 mm wide was then 
deposited, forming a cross strip. 

TCNQ was purchased from Aldrich and was recrystallized two 
times from spectroscopic grade degassed acetonitrile. The 
solvents used were Aldrich HPLC sure-seal acetonitrile and 
acetone that had been degassed. Concentrations of the TCNQ 
solutions ranged from M to saturation (about 0.016 M). All 
authentic compounds were synthesized by methods reported 
elsewhere.16J6JB 

Scanning electron microscopy (SEM) was done using a JEOL 
6400 microscope. The accelerator voltage was 26-30 keV with 
a working distance of 8-12 mm. Scanning tunneling microscopy 
(STM) was done using a STM of our own designam Images were 
taken in constant current mode. The tip was biased at +260 mV 
relative to the sample and the tunneling current was 0.3 nA. 
Pictures were obtained using gold coated tungsten tip8.l' The 
W tips were formed by electrochemical etching. Some of the 
STM samples were coated with 10 nm of Au to assist in imaging. 

The density of TCNQ was taken aa 1.316 g/cm3.22 The density 
of CuTCNQ was estimated by the flotation method to be 1.7 * 
0.1 g/cm3. A value of 8.9 g/cms was used for the density of Cu 
metal. 

x 
NC' \-/ CN 

TCNQ 
The CuTCNQ films used in this study were prepared 

by two different basic methods. The first method, 
employed by Potember,l is based on the fact that solutions 
of TCNQ react with copper metal by a spontaneous redox 
reaction that forms dark blue microcrystals of CuTCNQ 
on the surface of c ~ p p e r . ~ ~ J ~ J ~ J ~  This method is the most 
often used, although different authors sometimes chose 
other concentrations of TCNQ, different solvents, various 
Cu substrate cleaning methods, or other reaction tem- 
pertures. We did not attempt, therefore, to make mor- 
phological measurements on films prepared at every 
possible point on the time, concentration, temperature, 
and pressure axes. Rather, we chose a limited concen- 
tration range and observed the effects of reaction time 
and temperature. The remainder of our CuTCNQ films 
were produced by sequential deposition of TCNQ and Cu 
under vac~um.~JO Cu is first deposited, followed by 
resistively deposited TCNQ, and the sequence is repeated. 
These films are then heated to increase diffusion and more 
rapidly form the CuTCNQ layer. 

In this paper we will demonstrate that changing the 
growth parameters significantly changes the morphology 
of the resulting CuTCNQ film. These morphological 
changes can lead to changes in the electronic properties 
of the resulting Cu-CuTCNQ-metal devices. Of over- 
riding importance is the roughness of the CuTCNQ films 
formed. 

Experimental Section 
CuTCNQ films were grown on pure Cu substrates and on Cu 

f i b s  resistively deposited on glass microscope slides. For the 
film growth experiments, substrates were made from oxygen- 
free high-purity copper rod. The rod was machined into disks 
suitable for use in scanning electron microscopy (SEM). Copper 
disks were polished using successive grits of emery paper down 
to 4/0. They were then cleaned to remove sanding particles and 
organics from the surface. Previous studies used several cleaning 
methods-we tried all of them to determine their relative merits. 
Thus, the copper discs were cleaned by dipping in either 1:l 
HN03 with H20, 1 M H2S04, or 30% HF in HzO. The copper 
disks were then dried and used immediately to grow CuTCNQ 
films. 
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Results 

We first investigated solution-grown CuTCNQ films to 
determine the morphology of these films under different 
reaction conditione. Many different spots on several 
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Figure 1. SEM micrographs of a CuTCNQ film formed on a 
copper disk that was reacted with TCNQ 0.01 M in acetonitrile 
for 2 min at 110 OC. Face on (upper) and side (lower) views of 
the same sample are shown. The side view was obtained from 
a segment of the film peeled from the copper substrate. 

similar samples were examined-the images shown here 
are representative of that larger set of pictures. Figure 
1 shows SEM micrographs of a typical film that is formed 
by short reaction times a t  all temperatures. The structure 
of the film consists of long rods, about 5 pm in length and 
about 0.5 pm in width, oriented roughly normal to the 
surface and very loosely packed. The lower micrograph 
in Figure 1, shows that this loose packed structure extends 
almost to the substrate surface. This side view was 
obtained by peeling a flake of the film from the surface 
and viewing i t  edge on. Note that the white area below 
the rods is, in part, the underside of the film. What appears 
to be a thin amorphous layer covers the entire copper 
surface. Figure 2 is composed of SEM micrographs taken 
of a typical film produced by reaction a t  high temperature 
or by long exposure a t  lower temperature. The film 
appears to be a more tightly packed rough mosaic structure. 
But, the side view (the lower micrograph in Figure 2) shows 
that this film also has gaps that extend close to the 
substrate surface. Both the film thickness and mean 
diameter of surface structures are much larger than in the 
film grown for a shorter time (Figure 1). 

The difference in the two morphologies probably arises 
from the partial solubility of CuTCNQ in the acetonitrile 
solvent.23 As the CuTCNQ grows, part of it redissolves 
into the solvent. After a given period of time the saturation 
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Figure 2. SEM micrographs of a CuTCNQ film formed on a 
copper disk that was reacted with TCNQ 0.01 M in acetonitrile 
for 30 min at 110 "C. Face on (upper) and side (lower) views of 
the same sample are shown. The structure is that of a rough 
mosaic. The side view was obtained from a segment of the film 
peeled from the surface. 

point of CuTCNQ in solution is reached, forcing CuTCNQ 
in solution to deposit onto the growing layer of CuTCNQ. 
The net effect is to cause the rods to coalesce into the 
mosaic structure. This process can be followed by looking 
a t  a series of different time exposures, as in Figure 3. At 
short times there are only rods present; but, as the time 
of exposure is increased from 2 to 20 min, it is apparent 
that the rods are slowly coalescing into the mosaic 
structure. While the pictures show the results of varying 
time a t  fixed temperatures, similar results were obtained 
by holding the exposure time constant and varying the 
temperature. We also note that the film seen in Figure 
1 has the same morphology as the one made by Wakida24 
for use in chemical-FET applications. The structure seen 
in Figure 2, on the other hand, is similar in morphology 
and thickness to that reported by P ~ t e m b e r . ~ ~  

Figure 4 shows SEM micrographs obtained from Cu- 
CuTCNQ structures formed on a glass substrate. This 
sample was prepared by dipping a deposited Cu film into 
a stirred saturated solution of TCNQ (see experimental 
section). The crystallites are larger and more randomly 
stacked, but they retain the same general shape as those 
grown from 0.01 M TCNQ in actonitrile in an oxygen free 
environment. Note that while this film is also very rough, 

(24) Wakida, S.; Ujihira, Y. Jpn. J .  Appl .  Phys. 1988, 27, 1314. 
(25) Potember, R. S.; Poehler, T. 0.; Rappa, A.; Cowan, D. 0.; Bloch, 

A. N. Aynth. Met. 1982,4,371. 



Characterization of Cu-CuTCNQ-M Devices Chem. Mater., Vol. 5, No. 1, 1993 57 

m 

I 
L 

t 

t 

L 

Figure 3. SEM micrographs showing the change from the rod structure to the mosaic structure. Samples made on copper d i s h  at 
110 "C, using a 0.01 M TCNQ in acetonitrile solution. In each micrograph the time has been varied by (A) 2, (B) 10, (C) 15, and (D) 
20 min. 

the substrate appears to be more thoroughly covered. Note 
also that the widths of the rods vary from about 0.5 pm 
to about 4 pm. These films are the solution grown films 
used for resistivity measurements. 

Figure 5 shows an SEM image of a 75-nm-thick vapor 
deposited CuTCNQ film. This image shows islands of 
0.5-1 pm in length. The bottom half of Figure 5 shows a 
STM image of the same sample. The STM image 
compares quite well with the SEM micrograph. From the 
STM image it is apparent that the valleys between the 
islands penetrate very deep, perhaps even reaching the 
substrate at some locations. Thus, the morphology of these 
thin deposited films is composed of islands having 
boundaries that occasionally penetrate to the substrate. 
We note here that Uyeda= first observed the high- 
resolution electron microscopy image of vapor deposited 
TCNQ on A1 and Ag single crystals. His work emphasized 
the observation of single molecules of the (presumably 
few monolayer) films formed. The largest picture reported 
is only about 8 nm by 4 nm. 

The resistance data obtained from our Cu-CuTCNQ-M 
junctions are summarized in Table I. Both solution and 
vapor grown films were considered. Solution grown films 
were limited to those having the structure of Figure 4. 
While it is desirable to measure those having the mosaic 

(26) Uyeda, N.; Kobayashi, T.; Ishizuka, K.; Fujiyoshi, Y.; Inokuchi, 
H.; Saito, G. Mol. Cryst. Li9. Cryst. 1985, 225,  103. 

structure (Figure 2), those films did not adhere well to the 
Cu substrate, probably because the dissolution process 
etches them away from the Cu-CuTCNQ interface. As a 
result, reliable resistance and switching measurements on 
the mosaic structure were not obtained and are not 
reported. 

The four terminal resistance values for several Cu- 
CuTCNQ-M junctions and the two terminal resistance of 
the top metals were measured both in vacuum and after 
exposure to air as a function of time. Under vacuum, none 
of the devices made (solution or vapor grown, using any 
of the top metals) showed junction resistances in excess 
of 15 Q. Many junctions measured less than 1 Q. This is 
completely consistent with the reported resistivity of 
CuTCNQ and inconsistent with past reports of the 
impedance of Al topped  junction^.^*^-^**^ After exposure 
to air, all but the A1 topped junctions continue to have 
four-terminal resistances of less than 15 Q. Cu-CuTCNQ- 
Al devices made with solution grown CuTCNQ, however, 
exhibited significant jumps in impedance upon exposure 
to air. 

To better understand why only Al-coated devices that 
had been exposed to air showed the large junction 
resistances normally associated with these structures, we 
monitored how junction resistance changed after exposure 
tovarious gasses. As indicated in the experimental section, 
a given Cu-CuTCNQ-Al junction was set-up in the vacuum 
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Figure 4. SEM micrograph of a 500-nm copper film reacted 
with a stirred saturated solution of TCNQ and CuTCNQ in 
acetonitrile for 2 min at room temperature. Face on (upper) and 
side (lower) views of the same sample are shown. The side view 
was obtained by fracturing the glass substrate and coating the 
entire sample with 10 nm of gold. 

system so that the Al top electrode could be deposited and 
the resistances of the Al film and of the junction could be 
monitored in situ. We first monitored the resistance of 
the junction and of the metal top film while the device was 
under vacuum. Then, a particular gas was admitted to 
the chamber in order to determine its effect on the 
resistance of the device. Finally, the device was exposed 
to air. This procedure was repeated for several different 
devices with exposure to oxygen, nitrogen, water vapor, 
and vacuum during the intermediate 20-min period. 
Figure 6 shows the four-terminal junction resistances 
obtained in these experiments. For completeness, Figure 
7 shows the Al top electrode strip resistances measured at  
the same time. Note that the top metal resistance graph 
is greatly expanded-the A1 film resistances increase by 
no more than a few ohms. 

Initially the junction resistances were less than 15 Q. 
While under vacuum, the junctions resistance increases 
very slowly, probably due to residual gasses in the vacuum 
chamber. If nitrogen or oxygen (-2 Torr) is admitted to 
the vacuum chamber, the rate of resistance increase is not 
significantly different than the rate in vacuum. However, 
if H20 vapor ( e 2  Torr) is admitted to the vacuum system, 
there is a significant increase in the resistance. Finally, 
when the samples are exposed to air, the resistance 
increases very quickly to about 104 Q, where it stabilizes. 
The final resistances of the devices vary somewhat due to 
differences in the CuTCNQ film thickness and roughness 

Figure 5. SEM micrograph (upper) and STM image (lower) of 
a vapor grown CuTCNQ film is shown. The sample was made 
by depositing 100 nm of copper onto a glass slide. This was 
followed by three repetitions of 25 nm TCNQ coated with 2 nm 
of Cu for a total film thickness of about 75 nm. The film was 
then heated under Nz for 10 min a t  110 "C. To obtain the SEM 
image the sample was tilted by 45O. Nota that the x-y d e  is 
the same for both SEM and STM images. 

Table I. Summary of Resistance Data for 1 mm* 
Cu4uTCNQ-M Junctions 
top metal resistance (Q)  C ~ ~ N Q  

Cr Cu Al vacuum air thickneea(pm) 
eolutionophase X 0.05-4 0.5-4 

X 0.5-6 0.5-6 1-3 
x 0.05-15 102-10' 

vapoflphase x 0.05 0.05 

X 0.05 0.05 
X 0.05 0.05 O.W* 0.02 

The CuTCNQ morphology is ae shown in Figure 4. Single and 
multiple layer samples were 4. The film morphology is ae shown 
in Figure 5. 

from one sample to another. An increase in junction 
resistance upon exposure to water vapor occurs only for 
devices with Al film thickness between 30 and 100 nm. 
For thicker Al electrode films, the resistance of the device 
does not show a significant increase after exposure to air. 
For Al films thinner than 30 nm, the resistance of the 
device increases, but the resistance of the Al film increases 
as much as does the junction resistance. Thus, for devices 
with very thin Al electrodes, it is not possible to easily 
separate changes in electrode resistance from changes in 
semiconductor resistance. 

Electron micrographs of completed devices for both a 
vapor-phase sample and a solution-phase sample are shown 
in Figure 8. The upper image was obtained from a Cu- 
CuTCNQ (grown in saturated solution)-Al (70nm) device. 
The lower image was taken of a Cu-CuTCNQ (vapor)-Au 
(10 nm) structure. Top metal layers of thickness less than 
100 nm have no apparent effect on the image obtained 
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Figure 6. Graph showing resistance versus time data for Cu- 
CuTCNQ (solution grown)-A1 films. Time zero marks the 
completion of A1 deposition. The first 20min show the resistance 
increase while the devices are under vacuum. NP (=2 Torr), 02 
(==2 Torr), or H20 vapor (-2 Torr) is present during the second 
20 min. The vacuum system is opened to air during the last 20 
min. 

' 7 - .  , 

0 10 20 30 40 50 60 

Time (min)  
Figure 7. Graph showing AI top metal strip resistance versus 
time data for Cu-CuTCNQ (solution grown)-A1 films. Time 
zero marks the completion of A1 deposition. These points were 
taken from the same devices and a t  the same time as corre- 
sponding points in Figure 6. 

from either the solution grown or vapor grown CuTCNQ 
film. Thus, for cover electrodes of the appropriate 
thickness to produce high junction resistance, we could 
not easily discern where the metal resided. For both the 
cover films shown in Figure 8, the CuTCNQ film corru- 
gation is 10 times larger than their respective top metal 
layers. The effects produced by aluminum coating can 
only be seen if much thicker AI films are used (so thick 
that no resistance increase is observed upon exposure to 
air). In Figure 9 we can clearly see the result of depositing 
600 nm of aluminum on a CuTCNQ film. Clusters of rods 
have been joined by the A1 coating and A1 islands are 
apparent along the sides of the rods. Even this very heavily 

I 

I: 1 

I 
Figure 8. SEM micrographs of completed Cu-CuTCNQ-M 
devices. The upper micrograph shows an Al-coated (70 nm) device 
wherein the CuTCNQ film was grown by dipping a 500 nm thick 
Cu film for 2 min into a stirred acetonitrile solution saturated 
with TCNQ. The lower image is of a gold coated (10 nm) device 
wherein the CuTCNQ film was grown from vapor as follows; on 
a glass substrate 100 nm of Cu was deposited, followed by 25 nm 
TCNQ, and then 2 nm of Cu. The TCNQ and Cu depositions 
were repeated two more times for a total film thickness of 
approximately 75 nm. 

overcoated device, however, cannot be viewed as a simple 
three-layer structure. 

The vapor grown CuTCNQ film corrugation is about 
equal in thickness to the AI top metal used in our 
conductivity measurements. Thus, we would expect 70 
nm of aluminum to isolate effectively the vapor grown 
CuTCNQ films from the atmosphere. The same thickneas 
of Al electrode on solution grown CuTCNQ films would 
be far less effective in encapsulating the CuTCNQ film. 

Discussion 
For the solution grown films, the SEM data indicate 

that there are two morphologies produced depending on 
the growing conditions. In both cases the films are rough 
with a surface corrugation of the order of the film thickness. 
The films grown for longer times a t  elevated temperatures 
are less rough then those grown for short times at  20 "C 
or 110 OC. The vapor-grown thin films produce much 
smoother islands but the corrugation between the islands 
is also similar to the thickness of the film. Independent 
of the growth conditions used here, all the CuTCNQ films 
have gaps or fissures that reach down nearly to the 
substrate surface. 

We now can formulate an image of the Cu-CnTCNQ- 
Al devices that show large junction resistance. A Cu 
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Figure 9. SEM micrographs of a single Cu-CuTCNQ film. The 
lower micrograph shows a portion of the film that has been coated 
with 600 nm of Al. The upper image is an uncoated portion of 
the same film. Both micrographs were taken with the same 
magnification and are representative of the entire coated and 
uncoated portions of the film, respectively. The CuTCNQ film 
was grown by dippinga Cu film into a stirred acetonitrile solution 
saturated with TCNQ. 

substrate is covered by a very rough CuTCNQ layer. A 
thick deposited film of aluminum partially covers the 
CuTCNQ layer forming a very rough top electrode. At  
some points, the Al metal penetrates down into the fissures 
approaching very close to the substrate surface. Since 
the A1 is very rough and thin, it will have a high surface 
area and will not be completely continuous. We might 
imagine islands that are connected by bridges of Al. When 
this Al layer is exposed to air, both its inner and outer 
surface will quickly oxidize to form aluminum oxide. That 
is, an oxide layer will grow between the CuTCNQ film and 
aluminum. This process affects only the outermost layer 
of the Al film since the Al strip resistance changes only 
slightly. 

As Figure 6 indicates, the junction resistance initially 
increases very rapidly in air. After about 10 min in air the 
resistance stabilizes, leaving the junction at  a resistance 
several orders of magnitude higher than before the device 
was exposed to air. This high impedance state might be 
due to one or more factors. I t  may result from the 
formation of a thin tunnel barrier (composed of AlO,) 

between the top electrode and the CuTCNQ layer. It may 
result from chemical reaction (or doping) of CuTCNQ by 
water and/or 02. This surface reaction could result in 
band bending at  the electrode surface and an associated 
increase in device impedance. Also, the low initial 
resistance might to due to direct Cu-Al contacts through 
very thin Al whiskers. Oxidation of these whiskers would 
result in a large junction resistance increase. 

The rate a t  which the resistance increases is dependant 
on the thickness of the Al films. For thick films the 
junction resistance goes up slowly because the f i i  is more 
continuous and has fewer openings into which atmospheric 
gases may penetrate. Junctions made with a thin Al top 
electrode have Al film resistances that increase much faster 
because the films are more discontinuous and are more 
easily permeated by reactive gasses. Also, exact values 
for the resistance increase will depend highly on the 
morphology (purely rods, mosaic, or a mixture of both) of 
the sample. As may be seen from Figure 3, intermediate 
growth times will yield film structures that have a mixed 
morphology. 

The Cu/TCNQ (vapor grown)/Al devices showed neg- 
ligible four terminal resistance. Also, the resistance of 
these devices did not change when they were exposed to 
air. This can be explained by considering the STM image 
of these films, Figure 5. There are places where the fissures 
extend to the substrate, resulting in electrical shorts 
between top and bottom electrodes. Thus, we expect very 
small four-terminal resistance values for these devices in 
vacuum. In air, the inner surface of the Al electrode 
probably does not significantly oxidize because of the 
smaller overall corrugation of the vapor grown films. These 
deviceshaveacontinuous Alfhthatcannotbepenetrated 
by the atmospheric gases. 

The fact that only aluminum top metal devices show 
the high junction impedance associated with switching 
devices, and then only after the device is exposed to water 
vapor, suggests that switching is not solely a bulk property 
of CuTCNQ. Rather, the electrical properties of these 
devices depend strongly upon the interaction of the 
CuTCNQ and the AVAlO, layers. Since the electrical state 
of the device is heavily dependent on morphology, top 
metal film structure and composition, and exposure 
history, actual resistance and switching values can change 
from sample to sample or even from day to day. This fact 
may explain the differences in data obtained by previous 
studies. Future studies of these devices should take this 
into consideration and include true UHV conditions as 
part of the experimental protocol. 

The bulk-property mechanism proposed by Potember 
for electrical switching phenomena in Cu-CuTCNQ-Al 
devices is not supported by our results. Rather, we agree 
with Ishii13 that one must first consider interfacial 
interactions between the aluminum top metal, the rough 
CuTCNQ layer, and atmospheric gases if one is to 
understand the electrical properties of Cu-CuTCNQ-M 
devices. This does not say, however, that Potember’s 
mechanism does not play a role. If i t  does, however, it is 
probably acting in the nanoscopic regions where the top 
electrode forms a deep sharp contact with the CuTCNQ 
film. 
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