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5
Electronic Transport Properties of Pen-

tacene Single Crystals upon Exposure to

Air∗

We report the effect of air exposure on the electronic properties of pentacene

single crystals. Air can diffuse reversibly in and out of the crystals and influences

the physical properties. We discern two competing mechanisms that modulate

the electronic transport. The presence of oxygen increases the hole conduction,

as in dark each four O2 molecules diffused into the crystal introduce one charge

carrier. This effect is enhanced by the presence of visible light. In contrast, water,

present in ambient air, is incorporated in the crystal lattice and forms trapping

sites for injected charges.

∗This Chapter is adapted from O. D. Jurchescu, and T. T. M. Palstra, Appl. Phys. Lett.

87, 052102 (2005)
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78 Chapter 5. Electronic Transport Properties upon Exposure to Air

5.1 Introduction

Pentacene is a good material for electronic devices like field effect transistors [1–

8]. However, the results obtained by different research groups are not always

consistent. This can be attributed in part to the fact that the performance of

the devices depends critically on the environmental conditions [9–11]. In many

cases these conditions are not explicitly stated, so a comparison between the

experiments is often not appropriate.

We report the electronic properties of pentacene single crystals under con-

trolled conditions of pressure, gas composition, illumination, and in time. We

provide experimental evidence that the influence of air on the charge carrier con-

duction consists of two separate, distinguishable contributions. Air diffuses into

the pentacene crystals and can be completely removed by re-evacuation. Thus, no

irreversible chemical reactions, like oxidation of pentacene to pentacenequinone,

can be detected during the diffusion process. We demonstrate that oxygen absorp-

tion is responsible for an increase in the conductivity, and its effect is enhanced

by the presence of visible light. In contrast, water present in ambient air will

form trapping sites for the injected charges. This will reduce the number of free

charge carriers, and thus the value of the conductivity. These opposite effects

may account for the contradicting reports on the influence of ambient conditions.

5.2 Experimental

Pentacene single crystals of high purity were grown using the vapor transport

technique [12]. The growth was preceded by the purification of the starting ma-

terial using a two-step vacuum sublimation process under a temperature gradient.

Details about purification and crystal growth are included in Chapter 2 of this

thesis. We performed thermo-gravimetric analysis (TGA) on pentacene single

crystals at room temperature to determine the changes in mass. The increase in

weight at normal pressure in the presence of different gas flows (air, O2, N2, and

Ar) were measured using a SDT 2960 from Thermal Analysis Instruments.

The crystals are platelets with dimensions of approximately 3 x 3 mm in plane

and thickness of 15 − 20 µm. Silver epoxy stripe contacts were painted on the

crystal, with a distance of 3 mm. The electrical measurements were performed in

a home built micromanipulator probe station, connected to a turbo pump and to

gas supplies. The system is equipped with a glass window for optical inspection.

This window was covered for the experiments performed in dark. Otherwise, the

samples are exposed to ambient fluorescent light, with no additional illumination.
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A Hewlett Packard 4155B Semiconductor Parameters Analyzer was used to per-

form electrical measurements. The typical hold and delay time for these scans

were 10 ms in order to avoid charging of the material. All measurements were

performed at room temperature.

5.3 Exposure to dry and ambient air

5.3.1 I-V characteristics in the dark - in vacuum and after

exposure to air

Figure 5.1: Current density J vs. applied voltage V for pentacene single crystal at

room temperature in vacuum and after exposure to dry air (increase

in J) and ambient air (decrease in J). The different curves represent

different exposure times. In dry air : 250 min, 200 min, 150 min, 100

min, 50 min, 10 min, 0 min, in vacuum, in ambient air : 0 min, 10

min, 20 min, 30 min, 50 min, 100 min, 150 min, 200 min, 250 min.
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To understand the effect of environmental exposure on the transport in organic

crystals, we separate the two competing effects (doping by O2 and trapping by

H2O), by measuring systematically in dry and ambient air. Figure 5.1 shows

the evolution in time of the current density J versus applied voltage V for single

crystal pentacene in dark, after venting the system with dry and ambient air,

respectively. We associate the behavior at low bias with Ohmic behavior: J ∝
V x, with x = 1. The observed values of x range from 0.7 to 1.3 for different

samples, which we relate to the quality of the contacts. In this regime, no marked

changes in the conductivity are induced by the presence of oxygen or water vapor.

Apparently, no free charge carriers are introduced by O2 absorption.

However, the space-charge-limited current regime SCLC (J ∝ V 2) is influenced

by exposure to air. Here, J increases upon exposure to dry air, and decreases upon

exposure to ambient air. We interpret this behavior that the induced carriers are

located in shallow trapped states and are only released beyond a critical field.

The quantitative analysis of the transport changes, introduced by absorbing air,

are performed in the SCLC regime (V = 100 V ). In dry air, the number of holes

introduced by the O2 molecules increases in time, leading to an increase in the

charge carrier density. The system will reach the SCLC regime at smaller bias

voltage.

5.3.2 Gas diffusion in pentacene single crystals

We performed in parallel gravimetric and electrical measurements to be able to

give a quantitative description of the effect of gas diffusion on the properties of

organic crystals. In Figure 5.2 we plot the weight increase of pentacene single

crystals upon exposure to 5N dry air (< 17ppm water vapor), at room tempera-

ture and atmospheric pressure, expressed as a molar fraction of air in pentacene.

For each situation presented in this chapter, we performed 3 experiments and

they are reproducible within an accuracy of 15%. The mass of the accumulated

air in the crystal structure of pentacene was calculated assuming that the change

in mass is caused only by absorption of gases. This assumption is supported by

the observation that the process is completely reversible.

The same trend is observed for the measurements performed in pure O2, N2,

and Ar. The time constants are determined by the size and shape of both crys-

tals and diffusing molecules. As the diffusion coefficients have similar values, we

conclude that there is no selectivity with respect to any of the gases. The satu-

ration values are within experimental accuracy the same for the different gasses:

2.0% ± 0.3%.
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Figure 5.2: Evolution in time of the molar fraction of air in pentacene upon ex-

posure of single crystals to dry air at room temperature and the fit

with a 1D diffusion model. This is a lower limit of the molar fraction,

as it is assumed that the gas molecules diffuse homogenously over the

crystal.

We used Fick’s second law (Eq. 5.1) to model the diffusion of gases into pen-

tacene single crystals:
∂N

∂t
= D(

∂2N

∂x2
) (5.1)

Here N is the number of gas molecules at a particular time t and position x.

We use the solution of this equation for the one-dimensional case, constant diffu-

sion coefficient D, and an inexhaustible source. We use two boundary conditions

to obtain a unique solution:

• no gas molecules are accumulated in the crystal in the initial stage (N = 0,

for x > 0, at t = 0), we will add an extra term later;

• at x = 0, Nsource, induced by the gas flow, is maintained constant for t > 0.

These boundary conditions are represented by the following expressions:

{

N(x, 0) = 0

N(0, t) = Nsource
(5.2)
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The solution of Eq. 5.1, with the boundary conditions of 5.2, is:

N(x, t) = Nsourceerfc
( x

2
√

Dt

)

(5.3)

where the erfc (z) function, complementary to the error function, erf(z), is defined

as:

erfc(z) = 1 − erf(z) = 1 −
2√
π

∫ z

0

e−y2

dy (5.4)

The evolution of the concentration of the gas molecules versus distance, in

time, is shown in Figure 5.3. The distribution of gas molecules, N(x, t), depends

on both distance, x, and time, t. The total quantity of gas molecules in the

Figure 5.3: Evolution of the number of gas molecules absorbed in the crystal

lattice versus distance and in time.

pentacene crystal is obtained by integrating this solution over the length of the

diffusion profile. The result is normalized and expressed in molar fraction of gas

molecules in pentacene. An extra term needs to be added in the solution (Nstart).

This term reflects the fact that the measurement starts at t = 0 with a quantity of

gas that was accumulated in crystal during venting to atmospheric pressure and

subsequent handling. Because of experimental limitations, we could not evacuate

the gases in the TGA-DSC set-up. The equation that models the diffusion of

gasses in pentacene is thus:

N(t) = Nstart + Nsource

[

d
(

1 − erf
( d

2
√

Dt

))

+
2√
π

√
Dt

(

1 − exp
(

−
d2

4Dt

))]

(5.5)
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where N(t) is the molar fraction of gas at time t, d is the length of the crystal

in the direction in which the 1D diffusion occurs, and Nstart is the value of the

molar fraction accumulated before the TGA measurement. For the case of dry air

(Fig. 5.2), fitting the diffusion curve yields d = 17.5 µm, D = 1.8·10−10 cm2/s and

Nstart = −1.37 ·10−3 molecules air/molecules pentacene. Pentacene has a layered

structure with a herringbone arrangement within the layers (Fig. 5.4). Our results

show that the diffusion length is similar to the thickness of the crystal. Therefore,

the diffusion proceeds via the largest surface area, perpendicular to the layers.

We will discuss in Section 5.5 the possible microscopic form adopted by oxygen

molecule in pentacene lattice .

Figure 5.4: The herringbone arrangement of the pentacene molecules in the crys-

tal. The alternation of molecular layers is visible. d is the spacing

between the layers (d=14.1 Å for pentacene single crystal). The ori-

entation of the c and a + b direction of the unit cell are drawn.
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5.3.3 Effect of Oxygen and water in dark

Figure 5.5: Pressure dependence of the current at fixed bias voltage for single

crystal pentacene in the dark. The effect of dry air is shown in 5.5(a),

and that of ambient air in 5.5(b). The experiments are reproducible

for different samples with an accuracy of 15%.

We investigate the influence of the absorbed gas molecules on the changes in

the electrical current. Prior to the experiments, the samples were outgassed in

vacuum (p = 5 · 10−7 mbar) in the measurement chamber for at least 100 min.

The measurements can be reproduced after re-evacuation, as the gases diffuse re-

versibly in and out of the crystal. In order to study the influence of environmental

conditions on the electrical properties, the pentacene single crystals were exposed

to both 5N dry air and ambient air, using a leak-valve connected to the measure-

ment chamber. For the experiments performed in the dark, where the effect is

weaker, we measured both while outgassing and venting the chamber to ensure

that the changes originate from diffusion and not from charging. The evolution

of the electrical properties in time was recorded immediately after venting the

system to atmospheric pressure. The initial time, t = 0, is taken when pressure

equals atmospheric pressure.

Figure 5.5 and 5.6 present the evolution of the electrical current at fixed bias

versus pressure (5.5) and versus time (5.6) at atmospheric pressure in the dark,



5.3. Exposure to dry and ambient air 85

Figure 5.6: Time dependence of the current at fixed bias voltage for single crystal

pentacene in the dark. The effect of dry air is shown in 5.6(a), and

that of ambient air in 5.6(b). The experiments are reproducible for

different samples with an accuracy of 15%.

respectively. The effect of oxygen exposure is studied when venting with dry

air (Fig. 5.5(a), Fig 5.6(a)). As the pressure increases (Fig. 5.5(a)), oxygen will

diffuse into the crystal, and the conductivity increases. The I − V curves are

measured immediately after the desired pressure is reached. Once the system is

at atmospheric pressure, the current continues to increase (Fig. 5.6(a)) because

the diffusion still continues. When venting with ambient air, both water vapor

and oxygen are introduced into the chamber (Fig. 5.5(b), 5.6(b)). We noticed

that in ambient air, the effect of oxygen exposure is counteracted by the exposure

to water. Analyzing the magnitude of the induced changes in the current by

combining oxygen and water effects, one can distinguish two pressure regimes

(Fig. 5.5(b)). At low pressure (p < 10−2 mbar), the conduction is independent

of air pressure. This leads us to conclude that the two effects are opposite and

of the same magnitude. At p = 10−2 mbar, a sudden drop in the current is

observed. Apparently, for p > 10−2 mbar the introduction of scattering sites

exceeds the creation of holes, and this has a major effect on the conduction. This

is reflected also in the results at atmospheric pressure, where diffusion of dry air

causes a current increase (Fig. 5.6(a)), whereas ambient air diffusion cause a drop

(Fig. 5.6(b)).
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5.3.4 Effect of Oxygen and water in light

Figure 5.7: Pressure dependence of the current at fixed bias voltage for single

crystal pentacene in the light. The effect of dry air is shown in 5.7(a),

and that of ambient air in 5.7(b). The experiments are reproducible

for different samples with an accuracy of 15%.

Figures 5.7 and 5.8 show the evolution of the current under the same condi-

tions, but now in the presence of light. The effect of oxygen diffusion in time is

stronger than in dark (Fig. 5.7(a), 5.8(a)). As the effect of water is independent

of the presence of light, the total influence of ambient air on the crystal properties

will be different in the presence of light. Consistent with the measurements in

dark, we find two pressure regimes. At low pressure (p < 10−2 mbar), when only

an insignificant amount of water vapor is present, the oxygen doping is the dom-

inant factor of the conduction mechanism. At p = 10−2 mbar, when water vapor

diffuses considerably into the pentacene crystal, the effect of oxygen is decreased,

and therefore a change in slope is observed (Fig. 5.7(b)). However, the presence

of oxygen remains the most important factor, as the value of the current increases

with pressure. After venting with ambient air, the doping caused by oxygen, ac-

tivated by illumination, gives a stronger effect than the trapping of charges by

water. The hysteresis in figures 5.5b and 5.7b is very small. This indicates that

the variation in the values of the current is caused by the diffusion and not by

charging.
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Figure 5.8: Time dependence of the current at fixed bias voltage for single crystal

pentacene in the light. The effect of dry air is shown in 5.8(a), and

that of ambient air in 5.8(b). The experiments are reproducible for

different samples with an accuracy of 15%.

5.3.5 Effect of high O2 pressure†

In this section we discuss O2 high-pressure measurements of the electrical prop-

erties of pentacene single crystals. The experiments were performed in situ, in a

cubic anvil press [13]. The system was first evacuated, then O2 with controlled

partial pressure was introduced. 30 min was taken to reach the loading for each

pressure, and then I-V curves were taken. In contrast with experiments per-

formed in air, at 10−6 mbar < p < 103 mbar (Section 5.3.3, 5.3.4), at high O2

pressure (103 mbar < p < 2·106 mbar) an increase in current is observed also in

the linear regime as the O2 pressure is increased. Here, the resistance decreases

with ∼ 20% between the two extreme pressures mentioned above. The relative

changes in the resistance of the pentacene crystal, with respect to the resistance

in vacuum, versus O2 pressure, is plotted in Figure 5.9. Similar to the case of

hole doping by iodine [14, 15], the resistivity decreases, but no metallic state is

reached. Contrarily, when doping pentacene films with electron donors (e.g. alkali

atoms), a high electrical conductivity and a metallic temperature behavior was

reported [16, 17].

†The measurements are done in collaboration with J. Jun, and J. Karpinski (ETH Zurich)
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Figure 5.9: Evolution of the resistance with O2 pressure. The results are normal-

ized with respect to the resistance R0 in vacuum. The line is guide

for the eye.

For pentacene loading with O2 at high-pressure, after 2·106 mbar, an precipi-

tous decrease in current is observed, both in the linear and quadratic regime. It

is possible that pentacene is transformed irreversibly to pentacenequinone, as the

electrical characteristics cannot be reproduced after evacuation. Moreover, the

sample becomes amorphous.

5.4 O2 and H2O effects - experimental observa-

tions

5.4.1 Electrical measurements

The changes in the electrical properties of the organic semiconductors upon ex-

posure to ambient conditions have not been given much attention in the past.

Only lately, it was stressed that there is a fundamental need to understand these

effects, especially if they are not reversible, because they can affect the perfor-

mance and the lifetime of the electronic devices in products built for large scale

applications [18].
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We relate the changes that we observe in the electrical properties and de-

scribe in Section 5.3.3 and Section 5.3.4 to the diffusion of gases into the crystal.

Our model includes two competing mechanisms associated with the two different

chemical species that influence the conduction, affected by external factors such

as light. On the one hand, water absorbed by exposure to ambient air [19], will

create new trapping sites for the charges that are injected from the electrodes [20].

This will decrease the value of the electrical conductivity. The afore mentioned

effect is, as expected, independent of the exposure to light. The polar nature

of the H2O molecules causes interactions with the injected charges and increases

the energetic disorder [21]. This will lead to a decrease of the conduction. Oxy-

gen present in the air will be incorporated in the crystal structure, as shown

in Figure 5.2 and this process will generate holes (a description of the possible

doping mechanism will be provided in Section 5.5 and a quantitative analysis in

Section 5.6 of this chapter). The density of charge carriers responsible for the con-

duction will thus increase, and accordingly the value of the current will increase.

This process is enhanced by the presence of light. The measurements performed

in pure N2 and Ar under identical conditions show insignificant changes in the

electrical properties, despite a similar amount of absorption.

5.4.2 UPS spectroscopy‡

We use ultraviolet photoelectron spectroscopy (UPS) to investigate the effect of

oxygen and air exposure on the electronic structure of pentacene single crys-

tals [22]. The oxygen doping should induce a shift of the Fermi-level (EF ) in the

organic towards the highest occupied molecular orbital (HOMO). Photoemission

experiments were performed at the end-station SurICat (beamline PM4) at the

synchrotron light source BESSY GmbH. The ultrahigh vacuum (UHV) system

consists of interconnected sample preparation (base pressure: 1 · 10−8 mbar) and

analysis (base pressure: 5·10−10 mbar) chambers. Sample transfer between cham-

bers proceeded without breaking UHV conditions. Pentacene single crystals were

grown ex situ, then mounted on metal sample holders with conducting adhesive

tape, and cleaved in situ (in the preparation chamber) by peeling off the top layers

with a piece of adhesive tape stuck to the crystal surface. Pentacene molecules

crystallize in a layered structure. The interactions between the layers are less

strong than the interactions within the layers, as they are van der Waals interac-

‡The experiments were performed in collaboration with the groups of N. Koch and P. Rudolf

and published as The effect of oxygen exposure on pentacene electronic structure, Eur. Phys.

J. E 17, 339 (2005).
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Figure 5.10: UPS spectra of a pentacene single crystal measured under the follow-

ing conditions (and in this time-sequence): (a) 3 · 10−8 mbar partial

O2 pressure, (b) 2 · 10−9 mbar total residual pressure, (c) 3 · 10−8

mbar partial O2 pressure after exposure to 5 · 10−6 mbar O2 for 30

min., and (d) again at 2 · 10−9 mbar total residual pressure.

tions. Therefore, the crystal will cleave easily along the a−b plane (perpendicular

to the c∗ direction).

The valence region UPS spectra (Fig. 5.10) recorded on a pentacene single

crystal under different residual oxygen pressures during the measurement and to-

tal oxygen exposure clearly show no influence of molecular oxygen on the position

of the energy levels at the given conditions. All four spectra in Figure 5.10 ex-

hibit the same characteristic photoemission features of pentacene, comparable to

previous reports [23]. If ”doping” (i.e., p-type) of pentacene by O2 were the case

(to a significant degree), a clear shift of all levels towards lower binding energy

(BE) would be observed. However, the total in situ exposure of the single crystal

to O2 was rather limited (up to a pressure of 3 · 10−8 mbar; for experimental lim-
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itations). Oxygen diffused into pentacene at atmospheric pressure and diffused

out again rapidly after re-evacuation, and does not lead to irreversible changes

(detectable by UPS) in the electronic structure, like, e.g., p-type doping.

In extensive tests we have observed no irreversible reaction of pentacene with

molecular oxygen and water, even if pentacene is optically excited. More im-

portantly, it is found that oxygen diffusion through pentacene single crystals is

reversible, and does not leave behind - after re-evacuation - electrically active

electronic states that would lead to doping of the organic bulk material. This is

evidenced by a lack of energy shifts in UPS spectra of pentacene before and after

exposure to O2 and to air.

5.5 Mechanism of oxygen doping

In the following section we propose a microscopic description of the effect of

oxygen absorption in pentacene. We discuss the nature, on a molecular scale, of

oxygen-induced changes in charge transport properties. Under the experimental

conditions explored here, these changes are reversible. This is fundamentally

different from the experiments in which oxygen creates irreversibly new chemical

species in pentacene, leading to trapping states in the energy gap of pentacene [8].

It should be stressed that oxygen doping is widely observed in organic semi-

conductors. Therefore, it is likely that this interpretation holds for other similar

materials. The exact nature of the origin the phenomena encountered here is not

known. We propose two possible mechanisms for oxygen doping in pentacene singe

crystals. Further experimental and theoretical studies should elucidate which of

them is correct, or if they can coexist.

5.5.1 Formation of the charge transfer complex between

pentacene and O2

When oxygen is inserted in the pentacene lattice, it can generate a charge transfer

complex (CT complex) with the host material. The direction of the charge transfer

can be established by comparing the values of the electron affinities of the two

neutral molecules. As the value of the pentacene electron affinity (Ea (C22H14)

= 2.7 eV [24]) is higher than that of O2 (Ea (O2) = 0.45 eV [25]), pentacene is

electron-donating in this complex, and O2 is electron-accepting. Because of its

electronegativity, oxygen will attract electrons from the electron rich π- system

of pentacene molecules, and this process will generate holes. No net charges are

generated, but a partial transfer of charge occurs, from the donor to the acceptor.
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Figure 5.11: The reversible charge transfer formed between pentacene and oxygen.

Figure 5.12: The reversible reaction of pentacene oxidation to endoperoxide. This

reaction can yield irreversibly hydroquinone and quinone.

We expect that the degree of charge transfer in our system is much weaker

that in typical organic charge transfer complexes (e.g. TTF-TCNQ [26, 27]).

Upon formation of the [pentacene-oxygen] charge transfer complex (Fig. 5.11),

the properties of pentacene single crystals are perturbed.

There are several questions that can be raised. How large is the degree of

charge transfer between the two molecules? Does it induce also magnetism,

besides changes in electrical properties? Is it detectable with impedance spec-

troscopy experiments and/or Raman spectroscopy?

5.5.2 Reversible oxidation of pentacene

A second possibility is that molecular oxygen in the crystal forms a 6,13-adduct

(pentacene-endoperoxide), via the reversible reaction presented in Figure 5.12.

This possibility is analogous to the behavior of carbon nanotubes in oxygen [28].

In pentacene positions 6 and 13 are likely affected because they are the most re-

active. This adduct could yield irreversibly, under conditions not explored here,
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via the formation of the hydroquinone, the 6, 13-pentacenequinone, which is con-

ventionally the dominant impurity species [8].

The reaction that pentacene undergoes to endoperoxide in the presence of

oxygen is photoinduced [29]. Moreover, it is reversible, in agreement with our ex-

perimental observations that the electrical properties in vacuum can be recovered

after evacuation. Still, Raman studies that we performed on pentacene single

crystals exposed to oxygen do not show the signature of any peak present in

the region ∼ 800 cm−1, that corresponds to the O − O vibration [30]. We find

no evidence for the formation of the endoperoxide, in contrast with the case of

rubrene [29].

5.5.3 Calculation of the oxygen-induced dipole moment

We measure the frequency dependence of the dielectric constant ε(ω) of pen-

tacene single crystals loaded with oxygen and air (Fig. 5.13). We demonstrate

experimentally that a dipole moment is induced in the pentacene crystal, and we

determine its magnitude.

The dielectric function ε(ω) is increased by the polarizability of [C22H
δ+
14 ·Oδ−

2 ]

charge transfer. The charge transfer gives rise to dipoles that couple to the ac

electric field. This increases the value of permittivity [31].

We used pentacene single crystals with a high degree of purity, grown from

double sublimated powder. Two contacts were deposited, on top and bottom, in

a sandwich-type geometry, as drawn in the inset in Figure 5.13. The description

of the sandwich-type geometry was explained in Chapter 4. The ac dielectric

measurements were performed in a probe station, in air, using a Agilent 4284A.

The as grown crystals were measured first in ambient air. The dielectric response

is shown in Figure 5.13. A decrease of the dielectric constant by 3% is observed

when the frequency is modified from 1 kHz to 200 kHz. The crystals were then

exposed to pure O2 (AGA, 5N) for a few hours. This is sufficient for maximum

loading, as the diffusion constants for oxygen and air (Fig. 5.2) are similar. The

dielectric constant increases markedly at low frequencies for crystals loaded with

O2 and decreases by 12% from 1 kHz to 200 kHz (Fig. 5.13).

Assuming a Debye response, the dielectric constant will decrease with fre-

quency according to:

ε(ω) = ε(∞) +
ε(0) − ε(∞)

1 + (ωτd)2
(5.6)

where ε(∞) corresponds to the high-frequency permittivity of the material, and

ε(0) is the static dielectric constant, ω is the angular frequency (ω = 2πf), and
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Figure 5.13: Frequency dependence of the dielectric constant of pentacene single

crystals loaded in air and in oxygen. The inset is a schematic rep-

resentation of the sample geometry, showing also the orientation of

the crystal (c* is the axis perpendicular to the a-b plane). The line

is a fit of a Debye response with a single relaxation time.

τd represents the relaxation time. As it can be derived from Eq. 5.6, this model

considers a single relaxation time.

For the measurements performed on pentacene single crystals exposed to pure

oxygen, fitting the curve in Figure 5.13 with Eq. 5.6 yields:

{

ε(0) = 3.34

ε(∞) = 3.07
(5.7)

The fit does not represent very accurately the frequency response of the dielec-

tric constant. At low frequencies, additional contributions increase the permittiv-

ity, and the Debye model does not describe the response accurately. Deviations

from the model can also be ascribed to the presence of different relaxation times,

whereas we assume a single value.

We use the Clausius-Mossotti equation [32], that relates the dielectric constant

ε with the dipole moment µ inside the solid:
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ε(ω) − 1

ε(ω) + 2
=

Ndµ
2

9ε0kBT
+

4πNmαm

3
(5.8)

Here Nd is the density of dipoles, T is the temperature, Nm is the molecular

density in the solid (Nm = 2.92 · 1021 cm−3 for pentacene), αm is the molecular

polarizability, and ε0 and kB are the vacuum permittivity and the Boltzmann con-

stant, respectively. We assume one dipole created per each absorbed O2 molecule,

thus Nd ≃ 0.02 · Nm. Only 2% of the pentacene molecules form a dipole, cor-

responding to the 2% molar loading. The distribution of the pentacene species

corresponds to the distribution of the oxygen in the lattice (experiments are in

progress to determine the spatial distribution of oxygen in pentacene).

If we assume that the behavior of ε(ω) is only determined by dipole formation

through O2-loading, we find that:

4πNmαm

3
=

ε(∞) − 1

ε(∞) + 2
(5.9)

Thus, we can determine value of the dipole moment of this charge transfer com-

plex. At room temperature, we obtain µ = 4 D. This allows the calculation of the

degree of charge transfer (q), as µ = q ·d, where d represents the distance between

the charges.

We do not have structural information concerning the position of the O2

molecule in the pentacene crystal lattice. Thus we cannot give an exact value

of the distance between the charges. For this reason, we can only extract an order

of magnitude for the value of the charge transfer. We obtain q ≃ 0.25e, where e

is the elementary charge.

Repeating the same algorithm for the measurements performed in air, and

considering Nd ≃ 4 · 10−3 · Nm (only 20% from the 2% loading represents O2

molecules), we obtain: ε(0) = 3.2, ε(∞) = 3.08, and µ = 5 D. The correspondent

values for the charge transfer is q = 0.3e.

We observed that the values of the dipole moment induce by oxygen in pen-

tacene, calculated for the experiments performed in air and in oxygen are similar,

as expected. We associate the small differences to additional polarization, in-

duced by the interaction of pentacene molecules with other impurity states in

the crystals, and with the metal contacts, and also to experimental errors. The

oxygen-induced charge-transfer mechanism presented here is able to describe the

main features of the frequency dependence of the dielectric constant: the decrease

of the value of ε with frequency, and dependence on the oxygen content.
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5.6 Quantitative analysis of the effect of O2 and

H2O

A comparison of Figure 5.2 with Figure 5.6(a) reveals a remarkable consistency.

The time evolution of the electrical current mirrors that of the oxygen absorption.

We can quantitatively assess the influence of O2 and H2O. The value of the hole

current is affected by the number of gas molecules present in the crystal and thus

varies in time:

Jp(t) = eµpp(t)E (5.10)

where e is the elementary charge and µp is the mobility of holes in pentacene.

The term p(t) is the density of charge carriers and consists of several terms:

p(t) = pinj + pdop − ptraps (5.11)

Here pinj represents the hole density injected from the contacts, and pdop is

the hole density induced by exposure to oxygen, which is a fraction of the number

of air molecules absorbed in the solid:

pdop = 0.2ηoxygenN(t) (5.12)

The oxygen efficiency ηoxygen is thus defined as the inverse of the number of

oxygen molecules required to generate one hole. The term:

ptraps = pdef + pimp + pwater (5.13)

is given by the density of traps in the band gap. In vacuum a fraction of the

injected charges are trapped by crystal defects, pdef , and impurities, pimp. In

ambient air, an extra term is added in the trapping sites due to the presence of

water molecules,

pwater(t) = βN(t) (5.14)

which is a fraction of total number of the air molecules N(t) accumulated in the

crystal. Combining the measurements performed in dry air (Fig. 5.6(a), 5.8(a))

with N(t) taken from Figure 5.2, we can calculate the oxygen efficiency ηoxygen,

which determines the number of holes introduced by one O2 molecule (see upper

panel Fig. 5.14).

As it can be observed in Figure 5.14, this number is constant and independent

of time with ηoxygen ≈ 0.25 in the dark and ηoxygen ≈ 0.5 with light exposure.

This means that the efficiency of the oxygen exposure induced doping is indepen-

dent of oxygen loading and it is increased by light exposure. Roughly two O2



5.6. Quantitative analysis of the effect of O2 and H2O 97

Figure 5.14: The upper panel shows the evolution in time of the oxygen efficiency

in the dark (◮) and with light exposure (•). For ambient light in-

tensity, this efficiency is constant and time independent. The lower

panel shows the variation of the trapping factor by introducing water

molecules (Θwater) with time. The values are similar in the dark (◮)

and with light exposure (•).

molecules are needed in light to create one hole, compared with four molecules in

dark.

In ambient air, the number of trapping sites is proportional to the number of

water molecules that diffuse into the crystal. We introduce the ratio (Eq. 5.15):

Θwater =
pinj − pwater

pinj
(5.15)

that quantifies the fraction of untrapped charge carriers: Θwater = 1 in vacuum.

After exposure to ambient air, the value of Θwater is reduced. Θwater is calculated

by subtracting Figure 5.6(a)/ 5.8(a) from Figure 5.6(b)/ 5.8(b), using appropriate

geometrical factors. The lower part of Figure 5.14 shows Θwater versus time. The

effects of water in the dark and with light exposure have similar magnitudes, and

they follow the diffusion of water, introduced from ambient air.

The changes of the conductivity with time and pressure are the electronic

response to the diffusion of gases in pentacene crystals. They are fully reversible.

The p-doping by molecular oxygen increases the concentration of charge carriers.
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Water molecules form new electronic states in the gap that trap the injected

charges. It should be noticed that experiments under UHV conditions will not

be influenced by exposure to an ambient atmosphere, as the absorbed gas can be

fully removed by evacuation [22]. We expect that these effects are even larger in

thin films, in which the presence of grain boundaries facilitates the diffusion.

5.7 Conclusion

In conclusion, we have investigated the intercalation of gases in pentacene single

crystals and its effect on the electronic properties. We differentiate between the

exposure to oxygen and water. Absorbed oxygen enhances the conduction by

introducing holes near the valance band. Absorbed water molecules create new

defect states, which trap the injected charges. This insight in the relationship

between the macroscopic diffusion of gas in organic conductors and the effect on

the physical properties may lead to an improved control of the device performance.
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