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In  resistive  ribbon  thermal  transfer  printing,  a 
printhead  consisting of an  array of electrodes 
passes  current  into  a  thin  ribbon  to  generate 
heat for  transferring  ink  to  paper.  The  ribbon  is 
made of a polymeric  material  containing  carbon 
black so as to be conducting,  and  has  aluminum 
deposited on  one  side of the  ribbon  for a  base 
contact.  In  this paper,  the  electrical conduction 
processes  within  the  ribbon are discussed. 
Current-voltage  measurements  have  been  made 
with electrodes of  various  types  in  order  to 
separate  effects  due to  contact  resistance, 
aluminum/resistive  ribbon  interfacial  resistance, 
and  bulk  conduction  in  the  resistive  ribbon. 
Measurements  have  been  made  over  a  range of 
frequency  and  temperature  to  determine  the 
basic  conduction  mechanisms. A model  of 
conduction is  presented  that is in  qualitative 
agreement  with  the  data. 

Introduction 
In resistive ribbon thermal transfer  printing, a printhead 
consisting of an  array of  electrodes passes current  into a thin 
conducting  ribbon, causing  it to become  heated beneath  the 
active  electrodes [ 1, 21. The  temperature rise is sufficient that 
ink on  the underside  of the  ribbon becomes molten  and is 
transferred to a contacting sheet  of paper  or  other material. 
It is important  to  understand  both  the electrical and  thermal 
behavior  of the head,  ribbon, and  paper if the full potential 
of the system is to be realized. 
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In  this report, the electrical properties of the resistive 
ribbon are reviewed. The  structure of the ribbon is shown in 
Figure 1. The  ribbon consists  of  a carbon black loaded 
polycarbonate resistive layer 15 to 20 qm thick, with a bulk 
resistivity of approximately 0.6 Q-cm, having an  aluminum 
layer  approximately 100 nm thick  deposited upon  one side 
to  act as a ground  return layer for the  current flowing 
beneath  the electrodes; an  ink layer is coated upon  the 
aluminum layer. 

Experimentally  it is found  that  an electrical resistance 
(interfacial  resistance) exists between the resistive layer and 
the  aluminum  ground plane, and  that a contact resistance 
exists beneath  the electrodes of the printhead. Due  to a 
nonlinear  conduction  mechanism,  the electrical resistance of 
the ribbon  decreases as  current is increased to  the level 
required  for  printing. 

In  order  to separate the effects due  to  the resistive layer, 
contact resistance, and interfacial resistance, measurements 
of the electrical properties  have been camed  out variously 
with deposited gold and  aluminum electrodes, and with 
tungsten  electrodes contacting  the polycarbonate layer. 
Measurements have been made over  a range of temperature, 
frequency, and voltage in order  to  understand  the  major 
conduction processes occurring  within the resistive ribbon 
system. 

Experimental  details 
Sample preparation 

The polycarbonate  material containing 27-30% carbon 
black (sheet resistivity about 380 Q / U )  15 to 20 pm thick was 
used as  ribbon  substrate  material, and samples were 
prepared by depositing 100 nm of A1 on one side as a base 
electrode.  Similar  specimens were prepared with Au as the 
base electrode;  these were for comparison of ribbon electrical 
properties. After the base electrode  deposition, square Au 
dots varying from 50 pm  to 250 pm  in size and 200 nm  in 
thickness were deposited on  the  other side of the samples. 
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Measurement  technique 
Current-voltage characteristics were obtained using  voltage 
ramps with time durations of a few to several hundred 
microseconds.  Since  changes in characteristics could occur 
under high-current conditions, single-ramp  events  were  used, 
and the current and voltage data were  recorded  using a 
digital  oscilloscope. 

An alternative technique used  was the application of a 
series of  brief  pulses  of increasing amplitude to sweep 
through the current-voltage response. The voltage  pulses 
could be varied from 1 ps to 1 ms, but 50-ps pulses at a 
repetition period of I 3  ms were  used for most of the 
measurements. The duty cycle  of the pulses was kept low to 
minimize the heating  of the ribbon during the measurement, 
so as not to cause change in the characteristics. A schematic 
diagram of the equipment for the pulse measurement is 
shown in Figure 2(a). A pulse generator was  used to generate 
the square voltage  pulses and the current was measured  with 
a current probe. The voltage  pulses and the output from the 
current probe were  measured  with a storage  oscilloscope, 
and the resulting I- V curves were displayed on the screen. 

For the single  voltage ramp measurement, the schematic 
diagram of the equipment is  shown in Figure 2(b). The pulse 
generator was  used to trigger a sweep generator for the 
generation of  single  voltage ramp waveforms. The base 
electrode was biased  negatively  for all measurements, except 
where  specified to the contrary. 

Measurements were made over a range of temperatures 
from -200°C to 50°C by attaching the ribbon samples to a 
copper plate that could be  cooled  by liquid nitrogen and 
temperature-controlled within a vacuum chamber. 

Measurements were performed on samples that had 
received the metallization layer by evaporation in a large- 
scale commercial evaporator system and also on samples 
that had been  metallized in a laboratory sputtering system. 
For the effects to be  described  below, the method of 
deposition had a negligible  effect on the form of I- Y curves. 

Experimental  results-Electrode effects 

Curves using dltferent  electrodes 
Measurements were performed on four types of samples 
having 

1. an Au base contact and Au dot contacts on the upper 

2. an A1 base contact and Au dot contacts on the upper 

3. an Au  base contact and tungsten probe mechanically 

4. an A1 base contact and tungsten probe mechanically 

surface; 

surface; 

contacting the upper surface of the polycarbonate layer; 

contacting the upper surface of the polycarbonate layer. 

masks which  were fabricated by an anisotropic etching As shown in Figure 3, the  I-Ycurves for the type 1 
520 technique. samples are linear, and the resistance of the sample closely 
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matches that of the bulk polycarbonate layer. Thus, contact 
and interfacial resistance are both negligible in these 
samples. 

As shown in Figure 4, an interfacial resistance  exists 
between the polycarbonate and A1 layers when A1 is  used as 
the base contact (type 2). The I-V curves exhibit a nearly 
linear dependence at voltages  below approximately 6 V, but 
the  current increases rapidly for  voltage  exceeding 6 V. 

Type 3 samples demonstrated a contact resistance effect, 
but no interfacial resistance due  to  the Au  base contact. 
Typical static contact resistance behavior is shown in 
Figure 5. 

Type 4 samples displayed both contact and interfacial 
resistance effects, in addition to the bulk resistance  of the 
polycarbonate layer, as seen  in Figure 6. This case  is  closest 
to the behavior of a ribbon under printing conditions. 

The  data from  Figs. 3-6 for the 50-pm top contact are 
plotted together in Figure 7. Curve A corresponds to the 
bulk resistance of the resistive layer, curve B to the 
interfacial resistance between the resistive  layer and 
aluminum plus the bulk resistance contribution, curve C  to 
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the contact resistance  between the  W probe and the surface 
of the resistive  layer plus the bulk resistance contribution, 
and curve D to the total resistance across the entire ribbon. 

At the same current level, if the voltages of curves B and 
C are added together and  the voltage of curve A is subtracted 
because B and  C both contain the voltage drop due to bulk 
resistance, a new dotted curve B + C - A is produced (Fig. 
7). The dotted curve is almost identical to curve D. This 
result indicates that  the total resistance  is equal to  the 
contact resistance plus the interfacial resistance and  the bulk 
resistance. For most cases, the bulk resistance  is smaller than 
the interfacial and contact resistance and its value can be 
ignored. Therefore, the total resistance can be determined 
from independent measurements of contact and interfacial 
resistance. 

Experimental  results-Conduction  mechanisms 
As can be  seen  from  Fig. 3, the resistive ribbon material 
behaves  in an essentially ohmic  manner when measured 
with deposited gold  electrodes.  We  have studied two resistive 
ribbons, A and B, with  differing  resistivity.  Sheet  resistivity 
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was measured on these  two ribbons using  Au pads as top 
contacts with no base contact. The I-V curve, linear to high 
current densities, is independent of polarity and has only a 
small change in resistance  with temperature at low 
temperature, as shown in Figure 8. Measurements from dc 
to 1 MHz did not reveal any frequency dependence. 

The considerable increase in resistance that occurs when 
aluminum is  used as a contacting layer instead of  gold 
indicates that a bamer exists  between the aluminum and  the 
resistive material. Temperature measurements using a gold 
electrode to eliminate contact resistance and with an 
aluminum base  layer  system  show that the low  field 
conduction is  largely independent of temperature, as shown 
in Figure 9. In this case, the same ribbons A and B were 
used,  with A1 as base contact and Au pads as top surface 
contacts. The low  field conduction is ohmic to several  volts 
and is not polarity dependent. It can be noticed in a 
comparison of  Figs. 8 and 9 that the low  field  resistivity has 
a temperature dependence that follows  very  closely that of 
the resistive medium itself. The significance of this result  is 

522 discussed  below. 

At higher  fields the current-voltage relationship becomes 
nonlinear, as described by  Cassidy [3]. Experiments have 
shown that the knee  voltage  changes  only about a volt from 
-200°C to room temperature, as shown in Figure 10. For 
ramp pulses as short as a few tens of ps up to a few hundred 
ps the nonlinearity shows little frequency dependence and 
may be retraced repeatedly without change or hysteresis. For 
longer  pulses, or for higher  power inputs, the I- V curve 
changes  irreversibly to a nearly ohmic resistance, the value 
of the resistance depending on the voltage applied, as shown 
below. 

The results  described so far are for the aluminum layer 
taken as the negative electrode. The effect of taking the 
aluminum as the positive electrode is shown in Figure 11. 
The I- V curve for aluminum biased  negatively  is  shown in 
the same figure  for comparison. It  was found that the initial 
resistance at low  voltages  is independent of polarity, but the 
voltage  for the onset of nonlinearity occurs at a lower  voltage 
when the aluminum is  biased  positively. The interface 
appears to be more fragile  when  pulsing  is done with the 
aluminum layer as the positive  electrode. 

on a sample with an A1 base contact. First, a single IO-ps 
voltage ramp was applied to a resistive  layer  using a 250-pm 
Au dot for top contact. A low-voltage ramp was applied and 

Figure 12 shows the result of repeated  pulsing experiments 
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the I- V curve was recorded; then the voltage  was  increased to 
greater than 9 V, as shown  in  Fig. 12. The I-Vcurves were 
repeatable up to about 8 V; however,  when the applied 
voltage was greater than 9 V, a new path with  lower 
resistance (dotted line) was observed. This indicated that a 
permanent change of the properties of the interface had 
taken place  when the high  voltage  was  applied. 

Discussion 
Measurements on the resistive medium of the ribbon 
indicate that the conduction is  essentially ohmic to high 
current densities,  with no dependence on polarity and with 
only a moderate dependence on temperature. Measurements 
for frequencies from dc to 1 MHz did not reveal any 
frequency dependence. 

resistance and nonlinearity in conduction occumng when 
aluminum is  used as a contact to the resistive material. In 
view of the ohmic behavior of the resistive material, it is 
probable that the interface properties are due to the presence 
of a thin layer of oxide  existing at the aluminum-resistive 
medium interface, rather than to a space-charge barrier as in 
a semiconductor. As discussed  below, this view is consistent 
with a wide  range  of data. For voltages up to several  volts 
the interfacial resistance  is constant and independent of 
polarity, showing only weak temperature dependence. This 

It is of interest therefore to consider the origin of the high 

d I-Vchardcteristics from Figs. 3-6 for a  50-pm top contact. 
i 
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appears to rule out ionic, Schottky, impurity, and space- 
charge conduction as probable mechanisms for conduction 
through the thin oxide bamer. A model consistent with  all  of 
the above observations is that of conduction via local  defects 
through the oxide,  such as pinholes,  allowing  only a very 
limited effective area of contact to the resistive medium. The 
constricted current flow  gives  rise to an appreciable voltage 
drop in the vicinity of each  defect or pinhole, as described by 
Holm [4] and shown  schematically  in Figure 13. The 
equation for the resistance  resulting  from  an array of such 
contacts is  given  by Holm as 
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The model developed here shows that  at higher  fields the 
oxide bamer becomes transparent due  to electron tunneling 
and gives  rise to current flow in parallel with that due  to 
defects. 

Simmons has discussed the theory of the electrical tunnel 
effect for asymmetric junctions, i.e., junctions having 
electrodes of differing  work function [ 5 ] .  The current flow 
through the junction depends on  the thickness of the 
insulator and on  the difference in work function of the 
electrodes. The I- V characteristic is polarity dependent, with 
the greater current flowing  when the electrode of lower  work 
function is  positively  biased, as in the present case,  where the 
work function of aluminum is believed to be about 4 eV, 
while the work function of carbon is about 5 eV [6] .  

Figure 14 shows a plot of current density (J) versus 
voltage (V) for  several  values of oxide thickness using 
Simmons’ equation from Chopra’s book [7 ] ,  tunnel  junction 
with  work function of the electrodes 4, and 42 taken to be 1 
eV and 2 eV on either side  of the oxide layer: 

where a is the radius of the microscopic conducting regions 
and n is the  number of such regions per unit area. The mean 
distance between conducting regions is 1, and p is the 
resistivity  of the resistive medium. It can be  seen that this 
model explains the observation that  the temperature 
dependence of the interfacial resistance  follows  closely that 
of the resistive material. 

The observations reported here are consistent with 
Cassidy’s  view [3] that tunneling through a  thin oxide layer 
is involved in conduction between the  aluminum  and 
resistive medium; however,  it seems clear that  the initial 
portion of the I-V curve is due to pinhole- or similar defect- 
controlled conduction and that tunneling controls the onset 
of nonlinearity. If this initial linear current component is 
subtracted from the typical measured I- V curve, the resulting 
curve is  very similar to  a plot of a tunneling characteristic, 
when this is represented using a linear scale instead of the 
logarithmic current axis more commonly employed. The 
weak temperature dependence, polarity asymmetry, and fast 
nonhysteretic repeatability through the nonlinear region are 
consistent with the behavior expected for a tunneling 

524 process. 

I-V characteristics at different polarities for a ribbon with an A1 base 
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Denoting  the reverse direction current by J ,  (with the 
electrode  of  lower  work function positively biased) and  the 
forward  direction current by J,, we obtain, for the voltage 
range 0 5 V 5 $/e, J ,  = J2 by substituting 5 = (4, + b2 - 
eV)/2 and As = s in  Eq. (2). For V >  b2/e, 4,/e, J2 is given 
by using 5 = b2/2 and As = sd,/(eV - Ab), where Ab = 
(6, - @J~), and J ,  is given by using 7 = &,I2 and As = 

s@,/(eV - Ab). Thus J ,  is not  equal  to J2; that is, the 
junction is rectifying. In  the present case, however, the low- 
current behavior is dominated by the defect conduction 
process. 

The  sharp onset  of current  can be noted,  and  the voltage 
at which the  onset occurs is approximately proportional  to 
oxide  thickness as expected (Fig. 14). This plot  illustrates the 
expected  behavior of tunnel  current for the  parameters 
chosen; however, more work is needed to establish in detail 
the correlation between this  model and  the resistive ribbon- 
aluminum interface  behavior. 
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Summary 
It has been shown that by proper  choice of electrodes, the 
electrical effects within the  ribbon,  due  to  contact resistance 
beneath a  mechanical  probe, to bulk conduction within the 
resistive medium of the  ribbon itself, and  to  the  aluminum 
base layer, may be studied  separately. The resistive medium 525 
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is an ohmic conductor with a resistivity of approximately 0.6 
0-cm, and commonly the voltage drop across the ribbon 
may  be  largely due to the mechanical probe and aluminum 
layer  interfaces. 

In particular, the data support the hypothesis that a layer 
of oxide  develops at the aluminum-resistive medium 
interface. The interfacial resistance  observed at voltages up 
to several  volts  is consistent with conduction through 
microscopic conducting regions through the oxide,  which 
gives  rise to current constrictions within the resistive 
medium. This resistance  is therefore a measure of the quality 
of the oxide rather than of its thickness. On the other hand, 
the I- V nonlinearity arises from additional current flow 
through the oxide, in a manner qualitatively as expected  for 
a tunneling process. In this case, the voltage  for  onset of 
nonlinearity is  expected to be approximately proportional to 
oxide thickness and is apparently determined by the 
naturally terminating growth of the native oxide. 

If, however, too high a power  level  is sustained across the 
ribbon, irreversible  changes occur, producing a reduction of 
the initial resistance to a value determined by the voltage 
applied. 

The present studies have provided a basis  for  establishing 
a model  for the major electronic processes occurring in the 
resistive ribbon which is in agreement with a wide  range  of 
data. 
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