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6
Electrical characterization of spin valve de-

vices

In this chapter electrical measurements of pentacene spin valve devices are pre-
sented. Two terminal current-voltage measurements were performed for clean con-
tact Co/pentacene devices in lateral and layered geometries. A comparison with
photoelectron spectroscopy experiments and with current-voltage characteristics
of two terminal Au contacted devices is provided. Clean contact Co/pentacene
devices in lateral geometry showed that, as a consequence of the air exposure
required by the sample handling procedure, oxygen penetration through the pen-
tacene film leads to the oxidation of the Co electrodes which manifests in the
lowering of the hole injection barrier. Field effect devices employing Co/AlOx
source-drain electrodes were fabricated in order to allow for tuning of the pen-
tacene resistance with respect to the tunnel barrier resistance. The variation in
the FETs electrical characteristics did not allow for the extraction of quantitative
information regarding the contact resistance. Magnetoresistance measurements
were performed in a few cases at room temperature. Except for the vertical
structures, no magnetoresistance signal was observed.
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6.1 Introduction

Theoretical aspects related to spin injection in pentacene have been presented
in Section 2.1. In view of the conductivity mismatch problem [1] efficient injec-
tion/detection of spins can be realized if the resistance of the injector/detector is
comparable with that of pentacene. Therefore, clean contact Co/pentacene spin
valves are unlikely to show any spin signal. However, it is not exactly known how
the carriers are passing from pentacene to Co and vice versa. Organic spin valves
employing Co and 8-hydroxy-quinoline aluminium (Alq3) [2] have shown spin sig-
nal regardless of the sign of the applied voltage, i.e., efficient injection/detection
using Co clean contacts. It is, therefore, worth trying to investigate electrically
Co/pentacene clean contact spin valve devices. Current-voltage (IV ) character-
istics of devices using Co contacts are compared with similar devices employing
Au electrodes. Additionally, the electrical measurements of Co/pentacene lat-
eral/layered structures (at room temperature and low temperature) are discussed
in view of the energy level alignment deduced from photoelectron spectroscopy
measurements presented in the previous chapters. To combat the conductivity
mismatch problem, we fabricated field effect transistors (FET) with Co/AlOx
electrodes as injector/detector in which the pentacene resistance is tuned by a
gate electrode in order to match the fixed resistance of the electrodes. Two ter-
minal magnetoresistance measurements were performed for Co/pentacene devices
and Co/AlOx/pentacene FETs at room temperature. Various problems related
to fabrication and measurement are discussed and suggestions for optimizing the
pentacene spin valves are presented.

6.2 Pentacene spin valves with clean contacts

6.2.1 Room temperature current-voltage characteristics

Lateral devices

All lateral devices are fabricated using the lithography techniques described in
Chapter 3. On a pre-patterned substrate, containing the bonding pads and their
wiring to the actual device and eventually the gate, electron beam lithography
was used to fabricate the device. After development, the electrodes (mostly an
interdigitated pattern, such as the one shown in Fig. 3.2) were deposited followed
by lift-off in hot acetone, with the sample being exposed to air (∼ 30 min.). The
air exposure results in the oxidation of the reactive Co electrodes, which is detri-
mental for spin injection. Prior to the pentacene deposition in UHV (∼ 70 nm)
the Co electrodes were cleaned using an Ar sputtering gun. XPS experiments were
performed in order to check the sputtering conditions for which the Co oxide layer
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Figure 6.1: Lateral devices: two terminal (a) current vs. voltage and (b) cur-
rent density vs. electric field characteristics for Co (Au) contacted
pentacene at room temperature. Co traces in (a) and (b) are from
different devices. The (red) lines are of slope 1 and 2.

is removed. After pentacene is deposited the sample is taken out again (exposed
to air for about 1 hour) and glued and bonded to the chip carrier. Subsequently,
the sample is introduced in the electrical measurements setup which consists in a
vacuum container for room temperature measurements (background pressure of
about 5×10−6 mbar) or a dipstick (background pressure before cooling of 5×10−3

mbar) for low temperature measurements. Before taking the IV s the sample is
pumped for several hours.

In Fig. 6.1 room temperature characteristics are shown for three devices, two
with Co and one with Au electrodes. Generally, the characteristics of different
devices vary within an order of magnitude. At low bias (≤0.5 V) the current
is linear in voltage (ohmic behavior). At higher voltages I ∼ V 2, a dependence
characteristic to space charge limited currents (SCLC) [3]

JSCLC =
9
8

ε0 εr Θ µ
V 2

L3
(6.1)

where J is the current density, ε0 = 8.85 × 10−12 F/m is the permittivity of
vacuum, εr = 3 is the relative dielectric constant of pentacene [4], Θ is the ratio
between the free carriers and the total numbers of carriers, µ is the hole mobility,
V is the applied voltage and L the length of the device. Usually Θ < 1 since not
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all the injected carriers are free, some of them are trapped. Θ = 1 when all traps
are filled, i.e., when the applied voltage exceeds the trap-filling voltage. Such a
behavior has not been observed in any of the devices (Co or Au electrodes). Using
Eq. 6.1 and taking Θ = 1 we estimate a (lower limit of the) mobility on the order
of a few times 10−2 cm2/Vs. Overall, the SCLC regime is not that clear owing to
the following two facts. First, Θ is dependent on the morphology (determined by
the cleanliness of the substrate and by the spacing between the electrodes) and
second, the contacts are not true ohmic which significantly affects short length
devices. Interesting enough, current density vs. electric field characteristics of
pentacene devices with Co electrodes are in the same order of magnitude as of
devices employing Au electrodes, see Fig. 6.1(b) where a particularly high current
device with Au electrodes has been selected.

At the first glance it is surprising that the current is linear at low voltages
in Co/pentacene devices since this implies an ohmic contact, contrary with the
photoemission measurements which showed a hole injection barrier of 1.0 eV for
the Co/pentacene interface [5, 6]. In fact, there is a simple explanation for this
discrepancy and that is the oxidation of the Co electrodes. Experiments on pen-
tacene single crystals [4, 7] showed that oxygen diffuses in and out of pentacene
crystal reversibly. In thin films, due to grain boundaries, the effect may be ac-
celerated. Even though the IV measurements are performed in vacuum and in
the dark, the samples were exposed to air (oxygen) for about 1 h for bonding on
the chip carrier. Experimental setup availability determined the handling of the
samples in air and the oxygen diffusion in the pentacene layer likely results in the
oxidation of the sputter cleaned Co at the interface with pentacene. A decrease of
the hole injection barrier with the oxidation of Co was shown in photoemission ex-
periments on Co/pentacene [8] and Co/AlOx/pentacene [9] interfaces. Therefore,
we believe that the IV measurements on these lateral devices are in qualitative
agreement with the photoelectron spectroscopy experiments and consistent with
the oxidation of Co.

Layered devices

In order to reduce the oxidation of Co, Co/pentacene/Co layered structures were
fabricated. These devices were fabricated all in situ by evaporating Co through
a conventional shadow mask. The electrodes were deposited in a cross geometry
with the following dimensions (length × width × thickness): ∼ 1 cm × 1 mm ×
15 nm for the bottom electrode and ∼ 1 cm × 0.5 mm × 50 nm for the top one.
The high roughness of the pentacene layer requires the top electrode to be thick
enough to ensure that is continuous. The resulted junctions have an area of
∼ 0.5 mm2. The pentacene spacer layer thickness was ∼ 70 nm. The sample
was taken out in air and prepared for electrical characterization only after the
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Figure 6.2: Layered devices: current-voltage characteristics of ∼ 70 nm (nominal
thickness) pentacene sandwiched between two cobalt electrodes (see
text). The IV s were taken at about one day difference each. Inset
shows zoom in on linear scales.

whole structure was completed. Since the surface area through which oxygen can
penetrate is small (the sides of the cross), we believe that Co oxidation is reduced
(or even avoided) in the case of these layered devices.

Out of a total of four junctions that were successfully fabricated, two of them
had a resistance of few gigaohms whereas the other two junctions had a few
hundred kiloohms and a few hundred ohms (not shown). The photoelectron
spectroscopy measurements (Chapter 4) suggested minimal penetration of Co into
the pentacene layer. However, due to the island growth of pentacene there are
areas in which the pentacene layer is relatively thin with respect to the deposited
nominal thickness. These areas constitute weak spots which are dominating the
current-voltage characteristics, causing a large spread in resistances.

In Fig. 6.2 several traces, DC measurements taken at about one day interval,
are shown for the same highly resistive junction. The injection of holes from the
bottom electrode corresponds to the negative bias. There are irreversible changes
taking place in time, a behavior consistently observed in the other high resistance
junction. In a background pressure of 10−6 mbar in the electrical measurements
setup two things can happen: oxidation of Co and pumping out the oxygen from
pentacene (if any). Both, top and bottom, electrodes showed a slight increase in
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Figure 6.3: Lateral vs. layered : room temperature current density vs. electric
field for a lateral device and a layered device both with ∼ 70 nm
electrode spacing.

resistance with time (of about 10-20 %) but remained in the 1-2 kiloohm range.
Pumping out oxygen from pentacene would also lead to an increase in resistance.
However, these effects cannot account for the degradation observed, since they
should lead to an increase of the overall resistance and should affect both posi-
tive and negative bias with the same amount. Clearly, the efficiency of injecting
holes from the bottom electrode decreases in time, suggesting that the current
is limited by the injection from electrodes, in contrast with the ohmic behavior
in lateral devices with slightly oxidized Co electrodes. The measurements are
therefore in qualitative agreement with the photoelectron spectroscopy measure-
ments presented in Chapter 4. A quantitative analysis or further interpretation
requires more experiments to be done, including thickness or/and temperature
dependence.

Lateral vs. layered devices characteristics

In Fig. 6.3 a comparison of the current density vs. electric field between lateral and
layered devices is shown. The current density at the same applied electric field is
many orders of magnitude lower for the vertical device. The ohmic part of the IV

in lateral devices can be further analyzed using the relation J = neµE, where n

is the concentration of the free carriers, e the electron charge, µ the hole mobility
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Figure 6.4: Room temperature (RT) vs. low temperature: current voltage char-
acteristics for (a) lateral device at RT and 77 K, (b) layered device at
RT and 4.2 K.

and E the applied electric field. By taking µ on the order of 10−2 cm2/Vs as
extracted from the SCLC regime a value of about n = 5×1015 cm−3 is estimated
for the concentration of the free carriers in pentacene. This value is much larger
than 2.5 × 1010 cm−3 (at 300 K) expected for the 2.5 eV band gap pentacene
semiconductor.

Several effects may be responsible for this behavior. First, the layered de-
vices are fabricated all in situ which determines a clean(er) Co/pentacene inter-
face and, therefore, a higher injection barrier compared with the lateral devices.
A second effect, relevant for the lateral devices, may be the cleanliness of the
pentacene/SiO2 substrate interface. Ar bombardment employed for cleaning the
oxidized Co layer introduces ions in the substrate. These ions can induce charges
in pentacene at its interface with the substrate, thereby causing the lateral devices
to behave like FETs with a certain applied gate voltage.

6.2.2 Low temperatures current-voltage characteristics

In view of spin injection measurements, low temperature measurements may be
desirable since the spin diffusion length may be longer at low temperatures. In
Fig. 6.4 current-voltage characteristics are shown for devices in lateral geometry
(at room temperature and 77 K) and layered geometry (at room temperature and
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4.2 K).
At low temperatures and low voltages the characteristics are dominated by

charging currents, the pentacene acts more like an insulator than a semiconduc-
tor. The true current flowing trough the device can be deduced by averaging the
trace and retrace curves, see Appendix A.1. The current decreases by about 4 to
5 orders of magnitude when going from room temperature to 77 K/4.2 K which
suggests that most of the measured resistance is due to the pentacene layer. A
closer look at Fig. 6.4 reveals that the ratio of the room temperature to the low
temperature current in lateral devices is actually higher than in layered devices,
so the temperature dependence in layered structures is weaker. Since the con-
tact resistance (if important) is certainly dominating shorter electrode spacing
devices (shorter channel), this observation is consistent with a weaker tempera-
ture dependence of the contact resistance. In the linear regime (low voltages) at
low temperatures the currents are very small, close to the limit of the detection
equipment. Also, they are dominated by charging currents, reasons for which only
room temperature spin valve measurements were performed.

6.2.3 Room temperature magnetoresistance

We have shown that in lateral devices the Co contacts behave ohmic due to
the oxidation of the electrodes. Taking into consideration the conductivity mis-
match problem and the antiferomagnetic CoOx layer the expected spin signal is
negligible. We performed a spin valve measurement in a lateral device at room
temperature. No spin signal was observed. These measurements are not dis-
cussed further. Instead, the vertical structures showed some reproducible signs of
magnetoresistance and are discussed next.

Two terminal DC magnetoresistance measurements as a function of the bias
voltage were performed for the high resistance vertical structures presented ear-
lier. At the same bias voltage, several magnetic field sweeps were performed (back
and forth) with the purpose of lowering the noise in the measurements by aver-
aging. The current measured at the same bias voltage was drifting in time and
it was corrected for this drift by substracting a polynomial, see Appendix A.2 for
details. The results for positive and negative bias voltages (applied with respect
to the top electrode) are shown in Fig. 6.5. Interesting enough, for bias voltages
smaller than 100 mV, reproducible signs of magnetoresistance were observed for
one of the two junctions. The origin of this effect it is not exactly known. A
possible interpretation is the spin valve effect in which the magnetization of the
top electrode is pinned. Very likely, due to the roughness of pentacene, the top
electrode consists of sharp features (filaments) along pentacene grain boundaries.
Ferromagnetic electrodes with reduced dimensions show high coercive fields, likely
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Figure 6.5: Room temperature DC spin valve measurements: I vs. B at fixed
voltage bias for a layered device. The order of the polynomial used
in the drift substraction and the bias are given in the labels. The
direction of sweeping the B field is indicated by arrows.
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Figure 6.6: The magnetoresistance (MR) signal and the noise figure of the mea-
surements shown in Fig. 6.5 as a function of bias voltage. The MR
signal is taken as ∆R/R = (Rhigh −Rlow)/Rlow (in %), where Rhigh

is the high resistance state, Rlow is the low resistance state. The noise
is expressed as the standard deviation divided by the median value of
all data points in the positive B field (trace and retrace) for positive
bias. The noise figure is similar for all the cases (and for clarity is
not shown): negative B field and positive bias, positive B field and
negative bias, negative B field and negative bias.

higher than the magnetic field we used for spin valve measurements. Therefore,
the B field switches the magnetization of only the large magnetic domains of the
top electrode and magnetization of the bottom electrode at fields close to zero.
Since the spin transport is governed by the electrode properties in contact with
pentacene, the two resistance states we observed may represent the spin valve
behavior. Actually, this situation corresponds to the so called memory effect
measurement of a spin valve with the low coercive field electrode switching at
zero field [10].In Fig. 6.6 we summarize the magnetoresistace signal of Fig. 6.5 as
a function of the voltage bias, for both negative and positive bias. The noise in
these measurements is on the order of 0.1 %.

Electrical measurements of the low resistance vertical device showed pro-
nounced signs of magnetoresistance which however resembled the AMR signature
of the Co electrodes. These results are not further discussed here.
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6.3 Pentacene field effect spin valves with Co/AlOx

electrodes

Current-voltage characteristics of layered structures presented in the previous sec-
tions indicate a significant contact resistance in qualitative agreement with the
photoemission measurements presented in Chapter 4 which showed a hole injec-
tion barrier of 1.0 eV. This may allow efficient injection of spin polarized carriers.
However, it is not clear whether the very likely easy extraction of carriers [11–14]
would allow efficient spin detection. In this respect, the insertion of tunnel bar-
riers between Co and pentacene is necessary since the carriers have to tunnel at
the contacts, therefore spin selectivity can be achieved without doubt. Since the
electrodes are exposed to air during the lift-off procedure, the minimum thick-
ness of the AlOx barriers which protects Co from oxidation is the natural oxide
thickness. From XPS measurements (Section 3.3.2), we determined that 2 nm of
Al are required to protect Co from oxidation. Moreover, the conductivity mis-
match problem requires fine tuning of the resistances of the spin valve circuit.
Varying the oxide thickness may achieve the desired tuning but it implies a se-
ries of samples to be fabricated. In contrast, a field effect geometry (FET) offers
more flexibility since, by fine tuning the gate voltage, the pentacene resistance
can be varied orders of magnitude and can be matched with the fixed resistance
of the oxide barrier at any temperature. Additionally, the amount of work is
greatly reduced since the desired tuning can be achieved with only one sample.
In the next sections we present measurements of pentacene FET devices with
Co/AlOx electrodes: transistors characteristics and MR measurements at room
temperature.

6.3.1 Field effect devices (FETs) with naturally oxidized Al

The steps of the fabrication procedure and wafer preparation were presented in
detail in Chapter 3 and summarized in Fig. 3.4. On a pre-patterned substrate
electron beam lithography was used to define the source and drain electrodes.
The FET electrodes consist of 10 nm Co covered with 2 nm Al arranged in an in-
terdigitated pattern with the ferromagnetic electrodes of ∼ 500 nm and ∼ 250 nm
width and ∼ 3 µm length (for each pair) resulting a total effective contact length
with pentacene (the width of the FET channel) of about W ∼ 50 µm. During the
lift-off process the Al oxidizes forming the desired tunnel barriers. Subsequently,
about 70 nm pentacene were deposited in UHV. Then the sample is prepared (in
air) for the electrical measurements (glue, bond to chip carriers). The electrical
measurements were performed at room temperature in vacuum. Two types of
wafers, which had different gate oxide thickness were used: type I (120 nm oxide,
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Figure 6.7: Output characteristics of a FET with W × L× t (width × length ×
thickness of the channel) of 57 µm × 250 nm × 70 nm. The symbols
represent the source-drain current (Id) whereas the lines represent the
gate leakage current (Ig). The source and drain electrodes consist of
10 nm Co and 2 nm Al air oxidized deposited on a type I wafer.

oxidized in our laboratory) and type II (500 nm oxide, commercially available).
In Fig. 6.7 we show the DC output characteristic of a type I FET device with

a channel length (source-drain separation) of L = 250 nm. The equations that
govern the transistor characteristics in the saturation and linear regimes for ohmic
source and drain contacts, are given by [15]

Isat
d =

W

2L
µC(Vg − VT )2 (6.2)

I lin
d =

WµC

L
(Vg − VT )Vd (6.3)

where W,L are the effective width and length of the channel, C is the capacitance
per unit area of the gate oxide and Vg, VT , Vd are the gate voltage, the threshold
voltage and the drain voltage, respectively. According to Eq. 6.3, at gate voltages
higher than the threshold value, the source-drain current should increase linearly
with Vd from zero. As seen in Fig. 6.7 this is not the case, Id increases linearly
for | Vd | & 1 V, an effect which is due to a significant contact resistance [16, 17].
The effect of the contact resistance is also seen in the effective hole mobilities as
explained below. Eqs. 6.2-6.3 allow for the extraction of the carrier mobility and
the threshold voltage from the −Id vs. Vg plot in the linear regime (small Vd)
and from

√−Id vs. Vg plot in the saturation regime (high Vd). The procedure
is outlined in Fig. 6.8. The results are summarized in Fig. 6.9(a) as a function
of channel length for two transistors from different batches. At the same channel
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Figure 6.8: −Id and
√

Id vs. Vg in the linear and the saturation regimes for two
transistors (type I wafer) with W ×L× t of 57 µm × 250 nm × 70 nm
and 45 µm × 500 nm × 70 nm. Note the very different threshold
voltages of about −4 and +4 V. The mobilities are given in cm2/Vs.

length the mobilities in the linear regime are smaller than those estimated in the
saturation regime. This comes from the fact that in the saturation regime the
source-drain current is controlled by the gate voltage. Increasing the source drain
voltage does not change the current, a case in which the influence of the contact
resistance is small. On the other hand, in the linear regime the contribution
of the contacts to the total resistance is not negligible. Therefore, the voltage
drop over the pentacene layer is smaller than the applied Vd. Using Eq. 6.3, this
results in an underestimated value of the linear regime mobility, a value which
is smaller than the saturation regime mobility. It is expected that the contact
resistance, if it is similar for devices with different channel lengths, is going to
have an increasing relative contribution for shorter channel devices. Thus the
effective carrier mobilities are smaller for shorter channel devices. A saturation
behavior should be observed in a mobility vs. L plot at sufficiently long channels
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Figure 6.9: (a) Mobility vs. the length of the channel. (b) Normalized FET
resistance as a function of Vg for two channel lengths, type I wafer.

since the fixed contact resistance becomes small in comparison with increasing
the resistance of pentacene (due to increasing L).

6.3.2 The contact resistance in FETs

Generally, not only for spintronics, it is of interest to estimate the contact re-
sistance and to compare it with the resistance of the pentacene layer. This can
be done by making a series of samples where the length of the channel (L) is
varied systematically [17–19]. We will perform this analysis with only two points
(L = 250 and 500 nm). The contact resistance can be extracted from the linear
regime by considering that the measured resistance (denoted RON , because the
transistor must be ON, e.g. the gate voltage is higher than the threshold value) is
the sum of the channel resistance (Rch) and the contact resistance (denoted Rp,
usually taken as parasitic resistance)

RON = Rch + Rp (6.4)

Assuming that the channel conductance (resistance) obeys Eq. 6.3, by multiplying
with W (the effective width of the channel) Eq. 6.4 becomes

RONW =
L

µC(Vg − VT )
+ RpW (6.5)

By plotting RONW as a function of L, one gets from the slope of the curve the
intrinsic mobility, whereas RpW can be found from the intersect with the Y-
axis. This can be done for various gate voltages, and the gate voltage dependence
of the intrinsic mobility and of the contact resistance can be deduced. This
analysis results in Fig. 6.9(b) which shows that the resistance of the sample with



6.3. Pentacene field effect spin valves with Co/AlOx electrodes 97

-25 -20 -15 -10 -5 0
0

2x10-10

4x10-10

-50 -40 -30 -20 -10 0
0

5x10-9

1x10-8
 Vd = -2 V

lin=9.6 x 10-6
 

 

-I d (A
)

Vg (V)

(c)                                               (d)
 Vd = -2 V

lin=1.5 X 10-4

 

Vg (V)

(a)                                               (b)

-15 -10 -5 0

-2x10-9

-1x10-9

-5x10-10

0

       Vg (V)
   0
 - 12
 - 16
 - 20

 

 

I d (A
)

Vd (V)
-15 -10 -5 0

-2x10-7

-1x10-7

-5x10-8

0

       Vg (V)
   0
 - 10
 - 15
 - 20

 

Vd (V)

Figure 6.10: FET characteristics of devices with (a)-(c) Co/AlOx electrodes and
(b)-(d) with Au electrodes on a type II wafer. The symbols repre-
sent Id whereas the lines represent Ig. The FETs channel has the
dimensions: W×L = 45 µm × 250 nm. The mobilities are expressed
in cm2/Vs.

L = 250 nm is higher than that of the sample with L = 500 nm at any gate voltage,
contrary to expectations and in a spite of a good reproducibility of the FET
characteristics made in the same batch. These samples were not made in the same
batch (the threshold voltages are different by about 8 V), therefore there can be
differences in the wafer cleanliness and in the AlOx tunnel barriers coverage which
could explain this discrepancy. In fact, the text book FET behavior measured
in these samples is consistent with pentacene dominating the transport, that is a
relatively low contact resistance.

The leakage current in these FETs seemed to be rather high, reason for which
we used type II wafer, commercial highly doped silicon with 500 nm SiO2. FETs
with 250 nm channel length and with Co/AlOx and Au electrodes (for compari-
son) were fabricated. The measurements are shown in Fig. 6.10. There are two
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striking differences between the characteristics of these FETs. First, we note that
the current in the Au FETs is higher than the current in Co/AlOx FETs at sim-
ilar Vd and Vg voltages by about two orders of magnitude. This is also reflected
in the different hole mobilities (about one order of magnitude). Second, the Au
FETs do not show saturation behavior, consistent with a relatively high contact
resistance, whereas the Co/AlOx FETs show saturation behavior, consistent with
a low contact resistance. Yet, the contact resistance is not negligible since the Id

does not start increasing from Vd = 0 similar with FETs employing the type I
wafer.1 A possible explanation of these effects is the different band alignment at
the two electrode/pentacene interfaces as discussed bellow.

Photoelectron spectroscopy experiments presented in Chapter 5 showed an
increase in the hole injection barrier with increasing the oxide thickness. At
1.2 nm AlOx (the oxide derived from oxidizing 1 nm Al) the hole injection barrier
amounts to 0.9 eV. Most likely, with increasing the thickness of the tunnel barrier
the hole injection would increase and saturate at some value. The hole injection
barrier at 2 nm AlOx is not known, but it is probably higher than 0.9 eV. This is
in contrast with 0.7 eV injection barrier measured for the Au/pentacene interface
[20]. Therefore, one may expect the source-drain current to be higher in the Au
FETs. Additionally, as a consequence of different injection barriers, the depletion
layer width and its resistance are expected to be different, i.e., larger in the case
of Co/AlOx FETs as compared with the Au FETs. The transistors are in the
regime where the contact resistance of the Au FETs is higher than the resistance
of the pentacene layer in these FETs and smaller than the contact resistance of
the Co/AlOx FETs. In turn, the later is smaller than the pentacene resistance
in the Co/AlOx FETs. Our data does not allow to extract more quantitative
information.

6.3.3 Room temperature magnetoresistance in FET

Spin valve measurements, two terminal in a FET geometry and at room temper-
ature, where performed for both type of wafers. At fixed (and low) source-drain
bias voltage, the current was monitored as a function of the B field for several
gate voltages. We did not observed spin valve behavior in any of the experiments.
For the type I wafers the measurements were dominated by the leakage current
trough the gate oxide and are not shown. For the type II wafers the gate leakage
current was less. Spin valve measurements are shown in Fig. 6.11 for a FET with
W × L × t = 45 µm × 250 nm × 70 nm. Similar measurements were taken at

1A direct comparison between type I (120 nm SiO2) and type II (500 nm SiO2) FETs with

Co/AlOx electrodes is not straight forward and it is not made here, since the length of the

channel (the electrode spacing) is only 250 nm which actually questions the use of the standard

FET equations to analyze the characteristics of type II devices.
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Figure 6.11: Spin valve measurement of a FET with Co/AlOx electrodes (type II
wafer): ISD (at VD = −3 V) vs. B at different gate voltages. No
magnetoresistance signal is observed. The transistor characteristics
are shown in Fig. 6.10(a).

−2,−3 and −4 V source-drain voltage. None of the traces displayed signs of mag-
netoresistance. In these measurements the noise levels were a few percent, which
may hinder the observation of the small spin signal in the FETs. Therefore, we
can assume that the spin signal, if any, is maximum 1 %.

In the following we attempt to estimate the spin transport properties of our
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Figure 6.12: Contour plot of the magnetoresistance signal, according to Eq. 2.26
and for L = 250 nm and λN = 2.5 µm, as a function of P (the spin
polarization of the tunnel barriers) and the parameter a = RTB/RP

where RTB and RP are the resistances of the tunnel barriers and of
the pentacene. The labels represent the signal in %.

FET devices. Using the data of Fig. 6.11, let us assume that the change in
resistance (∆R) is 1% (of the same order as the noise). In Fig. 6.12 we show
a contour plot of the magnetoresistance signal (∆R/Rp expressed in percent)
according to Eq. 2.26, as a function of the spin polarization of the tunnel barriers
P (equivalent to β in Eq. 2.26) and of the ratio of tunnel barrier to pentacene
resistance a = RTB/RP for a device with the electrode separation L = 250 nm
and the spin flip length λN = 2.5 µm. Spin valves employing AlOx tunnel barriers
revealed a polarization of the Co/AlOx electrodes of 10 % [21, 22]. Taking P =
10 %, it is clear from Fig. 6.12 that in these conditions the signal is always smaller
than 1 % regardless the value of a. This means that the quantity of interest λN

(the spin flip length in pentacene) is certainly smaller than 2.5 µm. Now, since
the FET characteristics where dominated by the resistance of the pentacene film,
let us assume that the contact resistance in our Co/AlOx FET devices is on the
order of 10 % of the pentacene resistance, i.e., a = 0.1. Taking a = 0.1, Fig. 6.12
shows that for λN = 2.5 µm the spin polarization of the tunnel barriers must be
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around 50 % for a signal of 1 % and around 80 % for a signal of 10 %.

6.4 Summary and future recommendations

In this chapter we presented our efforts towards realization of all electrical spin
injection in pentacene based organic spin valves using Co as ferromagnetic injec-
tor/detector. IV measurements on Co clean contact devices showed a significant
contact resistance in agreement with photoemission experiments. Great care has
to be taken in order to avoid Co oxidation which is detrimental to spin injection.
In this respect, ideal lateral spin valve devices would have to be fabricated and
characterized all in situ, an experimental procedure which is rather challenging
from the device fabrication point of view and measurement as well. The possibly
short spin relaxation length in pentacene poses serious constraints with respect
to the overall device dimensions and the fabrication techniques to be employed.
From this point of view layered devices appear more flexible. However, making
tunnel barriers on the rough pentacene layer in a controlled manner is difficult.
Moreover, resistor tuning of the spin valve circuit is necessary, due to conductiv-
ity mismatch problem. We envisioned that field effect devices would allow fine
tuning at any given temperature. Our preliminary experiments did not allow to
extract information on the contact resistance of pentacene FETs with Co/AlOx
electrodes, which we relate to fabrication procedure inconsistencies. Overall, the
resistances we measured were rather high, which in turn determined a high noise
level. Perhaps, in order to reduce the overall resistance the tunnel barrier has
to be thinner than the natural oxide thickness. This requires the devices to be
fabricated and characterized all in situ which is not an easy task.

The hole mobilities in our FETs were at least several orders of magnitude lower
than in FETs using ultra pure pentacene single crystals [23]. Since the magnitude
of the spin relaxation length is proportional to the square root of the mobility,
the spin relaxation length (and the magnitude of the spin signal) is expected to
increase in the case of single crystal pentacene spin valves.
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