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2
The Effect of Impurities on the Mobility

of Single Crystal Pentacene∗

We have obtained a hole mobility for the organic conductor pentacene (in the

single crystal form) of µ = 35 cm2/Vs at room temperature increasing to µ = 58

cm2/Vs at 225 K. These high mobilities result from a purification process in which

6,13-pentacenequinone was removed by vacuum sublimation. The number of traps

is reduced by two orders of magnitude compared with conventional methods. The

temperature dependence of the mobility is consistent with the band model for

electronic transport.

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

Lett. 84, 3061 (2004).
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28 Chapter 2. The Effect of Impurities on the Mobility

2.1 Introduction

Organic materials are presently being investigated and incorporated in semicon-

ductor devices for a new era of the electronics industry. The understanding of the

electrical conduction mechanism in these materials and at their interfaces repre-

sents a challenge, for which various, often conflicting models have been proposed.

Molecular crystals are formed by relatively weak van der Waals interaction be-

tween molecules, and the molecular packing determines the electronic behavior.

Thus the charge carrier transport must be described using completely different

models than for covalently bonded semiconductors. Of the many molecular con-

ductors, pentacene is a promising candidate for future electronic devices and an

interesting model system. Recent improvements in electronic applications showed

that this material exhibits mobilities higher than 1 cm2/Vs for TFTs made from

highly ordered films [1,2]. A mobility up to 8 cm2/Vs was measured in single crys-

tals of rubrene using a complete organic field-effect transistor [3]. The anisotropy

of mobility, and a band-like temperature dependence was demonstrated in rubrene

FETs with PDMS flexible elastomeric stamps as substrate, and air-gap as gate

dielectric. This fabrication method yields mobilities as high as 15 cm2/Vs at

room temperature [4] and 20 cm2/Vs using the 4-probe measurements [5]. The

above mentioned values for mobilities reflected hole transport. By using the last

mentioned approach, electron mobilities of 1.6 cm2/Vs were measured for TCNQ

(7,7,8,8-tetracyanoquinodimethane) single crystals [6]. The importance of impu-

rities for the limitations in device performance has been emphasized during the

last few years. However, little quantitative analysis concerning the consequences

of impurities is incorporated in recent studies [7].

2.2 Control of the defects and impurity states in

organic crystals

We report a mobility of µ = 35 cm2/Vs at room temperature increasing to µ = 58

cm2/Vs at 225 K for ultra-pure pentacene single crystals. The crystals were

obtained by vapor transport growth in argon flow after purification of the material

by a vacuum sublimation technique designed to remove pentacenequinone. The

content of the quinone impurity in pentacene was determined using high pressure

liquid chromatography technique (HPLC), indicating a reduction by almost one

order of magnitude. The structures of pentacene and 6,13-pentacenequinone,

respectively, are shown in Figure 2.1.
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2.2.1 Spectroscopic evidence for the presence of impurities

Figure 2.1: Molecular structure of pentacene (a) and 6,13-pentacenequinone (b).

Figure 2.2: Left panel: IR spectrum of pentacene powder without any additional

purification. The presence of the peak around 1697 cm−1 is due to

quinone impurities. Right panel: mass spectrum of the starting ma-

terial. The peak at m/z = 278 corresponds to pentacene and the one

at m/z = 308 is a result of the presence of 6,13-pentacenequinone.

The starting material for the experiment was pentacene obtained from Aldrich.

Infrared absorption measurements (Nicolet Nexus spectrometer) show that 6,13-

pentacenequinone is present as an impurity. The evidence for this is the absorption

peak at 1697 cm−1 which is assigned to a C=O bond vibration (Fig. 2.2 - left

panel). The pure material does not have significant absorption in this region. The

infrared experiments were complemented by mass spectrometry analysis, which
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confirmed that the C=O vibration originates from a pentacenequinone molecule

(Fig. 2.2- right panel).

2.2.2 Purification of the starting material

We have used vacuum sublimation under a temperature gradient as purification

method. This technique is effective for the separation of impurities from a solid

if these impurities have a vapor pressure that is sufficiently different from the

desired product [8]. The cleaning tube is shown in Figure 2.3. The pentacene

powder is placed in an alumina boat inside a glass tube that is thoroughly cleaned

chemically, and then heated in a furnace under vacuum to remove the solvents

used for cleaning. A controlled temperature gradient is applied along this tube.

The purification takes place at T = 430 K for 70 h under a dynamic vacuum

of a membrane pump. Special attention is paid to avoid contamination due to

vacuum connections. The sublimated molecules will condense in the cold zone

of the tube. The entire set-up is placed in the dark to prevent UV degradation

of the acene molecules. The carbonyl groups at each side of the middle ring

reduce the sublimation enthalpy compared to the host molecule, thus at T = 430

K pentacene will not sublime and only quinone will be removed. This can be

detected as a brown powder on the walls of the tube. The violet powder that

did not sublime is purified pentacene that is used as the starting material for

the single crystal growth. We repeat this purification process several times to

minimize the impurity content. We will present in Section 2.2.4 the effect of the

different sublimation steps on the degree of purity.

Figure 2.3: Schematic overview of the vacuum sublimation set-up used to remove

the 6,13-pentacenequinone from pentacene.
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2.2.3 Single crystal growth

Pentacene single crystals were obtained using physical vapor transport in a hori-

zontal glass tube [9] under a stream of argon. The use of ultra-pure argon without

hydrogen as the transporting gas is motivated by the need to prevent the introduc-

tion of other impurities, like 6,13-dihydropentacene in the crystal, which can form

by the hydrogenation of the acene at the middle ring (most reactive positions).

Figure 2.4: Crystal growth setup. The source material is placed in the boat in

the hot part of the tube and it is transported by the inert gas to the

crystallization region. The temperature profile of the growth tube is

shown in the lower panel.

The gas was obtained from AGA, with purity of 99.999%. A drying column

was inserted in the system for additional purification of the gas. We paid attention

to the quality of the transporting gas because the quinone can be re-introduced by

residual water or oxygen as ppm impurities in the carrier gas during growth. The

growth tube set-up is presented in Figure 2.4 (upper panel). Prior to growth, the

inner tube was cleaned with soap, type II water (ρ ∼= MΩcm at 25◦ C), acetone

and alcohol. The empty tube was heated in argon flow at T = 620 K for 15 hours
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to remove possible water and other solvents. 30−40 mg of the source pre-cleaned

material was placed at the end of the tube in an alumina boat. A temperature

gradient was applied by resistive heating of two heater coils around the tube. The

temperature profile is shown in Figure 2.4 (lower panel). The temperature was

controlled using two thermocouples, placed at positions marked with labels T1

and T2. The sublimation temperature, Ts = 545 K, was kept as low as possible,

in order to obtain a low crystallization rate that ensures a minimum formation

of defects and avoids side reactions [10]. The setup was placed in the dark to

protect against oxidation. The molecules, in the vapor phase, are transported by

the argon gas and will crystallize in the cold part of the tube (approx. 30 cm from

the sublimation point. The crystals are platelet-shaped and their dimensions can

be controlled by the growth time. Typical growth time is around 3 days. This

yields crystals of maximum 4 × 4 mm in plane and 50 µm thickness.

After obtaining ultra-pure crystals, they were annealed for 50 h at a lower

temperature (Th = 450 K) than the crystallization temperature (Tc = 490 K).

This treatment diminishes the number of dislocations and the stress in the crystal.

The crystal structure of pentacene single crystals at room temperature is given

in the Appendix A of this thesis.

Without pre-purification of the pentacene, pentacenequinone will sublime to-

gether with the host molecule. Part of it will be introduced in the pentacene

matrix in the crystallization process at the low temperature part of the tube.

2.2.4 Quantitative analysis of 6,13-pentacenequinone con-

tent

We used HPLC (Agilent 1100 LC/MSD) [11] to determine the impurity concen-

tration of the pentacenequinone in pentacene single crystals. Pentacene crystals

were dissolved in 1,2,4-trichlorobenzene by stirring for 24 h at 45◦C under inert

atmosphere (in the glove-box).

Pentacene (P) and pentacenequinone (PQ) were separated on a silica column.

The selectivity for retention was controlled with a 3 : 1 v/v mixture of 1,2,4-

trichlorobenzene and cyclohexane used as mobile phase, at 80◦C. The volume

of the sample injected was 50 µl. We used the Beer’s law [12] to determine the

concentration of pentacenequinone impurity in pentacene single crystals. The

absorbance A at a particular wavelength λ is proportional to the concentration c

of the constituent species:

A(λ) = bε(λ)c (2.1)

where b is optical path length and ε(λ) is the extinction coefficient at λ. Com-
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Figure 2.5: Retention times for pentacene (P) and pentacenequinone (PQ) at λ =

390 nm. Upper panel: P with 0.4% PQ. Lower panel: P enriched with

30% PQ

bining the expressions for the absorbance of P and PQ, corresponding to the two

peak areas in Figure 2.5, we obtain the relative concentration (c%) of PQ in P.

The expression that allows the calculation of concentration involve the extinction

coefficients (εP , εPQ), peak areas (AP , APQ) and molar masses (MQ, MPQ) of

the two components:

cPQ(%) = 100 ·
H

1 + H
(2.2)

where we define H:

H =
APQ

AP
·

εP

εPQ
·
MPQ

MP
(2.3)

The amount of quinone was determined from the integrated intensity of the

chromatogram, using a diode array UV-Vis detector that can be tuned at differ-

ent absorption lines (Fig. 2.5). We have chosen λ = 390 nm because it corre-

sponds to a low extinction coefficient for pentacene, and much higher value for

pentacenequinone [13]:
{

log(εP ) = 2.75

log(εPQ) = 4.389
(2.4)

Figure 2.5 presents typical HPLC measurements from which pentacenequinone

concentration in pentacene was calculated. The retention times for pentacene and

pentacenequinone were ≃ 2 min, and ≃ 11 min respectively. The upper panel

corresponds to 0.4% PQ in P. We deliberately introduced pentacenequinone in
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Figure 2.6: 6,13-pentacenequinone concentration in pentacene in different stages

of purification: 1- as received, 2- single sublimation clean, 3- double

sublimation cycle, 4- crystal grown from untreated powder, 5- crystal

grown from doubly cleaned powder.

the solution obtained from the solvation of a pentacene single crystals. This can

be seen as an enhanced signal at time = 11 min in the lower panel of Figure 2.5,

that corresponds to 30% PQ content. Additional peaks, of lower intensity, arising

from other impurities can be detected in both panels of Figure 2.5. However, in

this study we did not concentrate on the quantitative evaluation of their content,

but we focus only on the majority impurity.

The quinone concentration was reduced from the as received material contain-

ing 0.68% in two sublimation steps to 0.17%. Subsequent crystal growth reduces

the quinone concentration to 0.028%(±0.004) compared with 0.11%(±0.006) in

crystals grown from untreated powder (Fig. 2.6). The characteristic absorption

of C=O is observable even for the purest crystals (stage 5 in Fig. 2.6). We will

show in Chapter 3 that this small quantity of pentacenequinone impurity still

present in pentacene single crystals is critical for the fabrication and operation of

the field-effect transistors.
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2.3 Electronic response to structural and chemi-

cal properties

2.3.1 Space charge limited currents

We determined the electrical properties of the pure pentacene single crystals using

space-charge-limited current (SCLC) measurements (Fig. 2.7). Gold was used as

hole-injecting electrode. The samples were measured in dark and a vacuum of

2 · 10−7 mbar.

In the analysis of the evolution of the current density J with respect to the

applied electric field E several assumptions are made. Following the standard

analysis [7, 14, 15], we consider:

• a 1-dimensional, unipolar current flow (holes are injected from the contact

placed at position x = 0 and collected at the contact at x = L);

• the contacts are ohmic;

• the mobility of free charge carriers is independent of the magnitude of the

applied electric field;

• the diffusion of charge carriers inside the crystal is neglected;

• the injecting contact is an infinite source of charge carriers;

• the traps are homogenously distributed in space and all correspond to one

discrete energy level;

• the density of free charge carriers (nf ) is described by Boltzmann statistics,

and the density of the trapped (localized) carriers (nt) follows the Fermi-

Dirac statistics, as follows:

nf = NV exp
(

−
EF (x)

kT

)

(2.5)

nt =
h(E)

1 + exp
(

Ei−EF (x)
kT

) (2.6)

Here NV is the effective density of states in the valence band, EF the Fermi

level, Ei stands for the energy, h(E) describes the energetic distribution of

localized states, and k is Boltzmann’s constant.
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Figure 2.7: Current density (J) vs. electric field (E) for pentacene single crystal

at room temperature. The solid lines represent the fits for the three

different regimes. The value of the electric field that corresponds to

the transition to the trap-free regime (ETFL) is shown. The inset

shows experimental configuration of the a, b, and c*-axis, and the

contacts.

Four distinct regimes can be distinguished in the evolution of the current with

the applied electric field (see Fig. 2.7). At small electrical fields the transport is

ohmic, and the current density depends linearly on the electric field. The current

is space charge limited (SCLC) at high electric fields. In the first part of the SCLC

regime, the injected carriers are trapped and the current is reduced by a factor

Θ, which represents the ratio between free and total number of charge carriers

introduced in the solid (Eq. 2.7):

Θ =
nf

ntot
=

nf

nf + nt
(2.7)

where nf and nt are the free and trapped carriers density, respectively, and ntot

is the total carrier density. At VTFL/ETFL (trap-filling voltage) the current rises

abruptly. After this point, all the traps are filled and the trap-free regime is

reached (Θ = 1).

The expression that describes the current-voltage (density of current - electric

field) are obtained upon combining several expressions:
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• the continuity equation (Eq. 2.8) [14, 16]:

J(x) = eµnf(x)E(x) (2.8)

where J(x) is the current density at distance x from injecting electrode, e is

the elementary charge, µ is the charge carrier mobility and E is the electric

field,

• Poisson’s equation (Eq. 2.9):

dE(x)

dx
=

e

ǫ0ǫr
ntot(x) =

e

ǫ0ǫr
[nf (x) + nt(x)] (2.9)

Combining equations 2.7, 2.8, and 2.9, the expression of the current becomes:

J = µΘǫ0ǫrE
dE

dx
(2.10)

By integrating this expression, one obtains:

Jx

µΘǫ0ǫr
=

E2(x) − E2(0)

2
(2.11)

Taking into account the assumption made previously, the electric field at the

injecting electrode (x=0) is E(0)=0, Eq 2.11 becomes:

E(x) =

√

2Jx

µΘǫ0ǫr
(2.12)

Integration of Eq 2.12, together with the use of the boundary conditions imposed

in the beginning, yields the expression of the density of current versus electric

field (Mott-Gurney law) [7, 14]:

JSCLC =
9

8
ǫ0ǫrΘµ

V 2

L3
(2.13)

where JSCLC is the current density in the space-charge-limited regime, V is the

applied voltage across a length L, ǫr is the dielectric constant of the conductor (for

which we use the literature value ǫr=3), and Θ the ratio between the concentration

of free carriers and the total numbers of carriers (see Eq. 2.7).

The mobility in our experiments was calculated from the trap-free region of

the space-charge-limited-current regime, using the Mott-Gurney model (Eq. 2.13).

We note that this formula was derived for the sandwich-type electrode geometry,
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Figure 2.8: Temperature dependence of the electrical hole mobility for a pen-

tacene single crystal using the actual crystal thickness (◦) and the

effective thickness (•).

whereas we use a gap-type geometry. A description of the two types of structure,

and a detailed study on the evaluation of the current-voltage characteristics will

be presented in Chapter 4. The value of the number of traps Nt can be calculated

from the value of the trap-filling voltage (VTFL):

VTFL =
2

3

eL2

ε0ǫr
Nt (2.14)

The SCLC measurements show that the pentacene single crystals grown after pre-

cleaning of the starting material are very pure, with Nt = 1.74 · 1011 traps/cm−3.

This is almost two orders of magnitude lower than the number of traps obtained

for crystals grown with the conventional procedures [17].

2.3.2 Evaluation of the bulk mobility of the high quality

crystals

If we assume a homogeneous current flow through the sample, the mobility is

µ = 11.2 cm2/Vs. However, as the mobility in the basal plane ab is much larger

than the mobility along the c* -axis (perpendicular to ab plane), the current will

be confined to the contact’s side of the crystal. The measurements of the ohmic
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regime of the current-voltage characteristic showed different values for the resis-

tivity for different directions (ρa = 1.3 · 106 Ωm, ρb = 4.7 · 105 Ωm, ρc∗ = 2.1 · 108

Ωm). We have used Montgomery’s method [18, 19] for analyzing anisotropic

materials, transforming an anisotropic sample with resistivities ρa, ρb, and ρc∗

and dimensions x, y, and z, to an isotropic solid with dimensions x′, y′ and z′.

For the isotropic solid, the normalized effective thickness is determined to be

zeff ′/(x′y′)1/2 = 0.7 for normalized sample thickness z′/(x′y′)1/2 = 2.19 and the

ratio for the in-plane directions y′/x′ = 0.535. Using this procedure, the relation

between the effective thickness (zeff ) and the real thickness of the crystal (z) is

calculated. Eq. 2.15 expresses the conversion for the two dimensions:

zeff = 0.32 · z. (2.15)

With the effective thickness introduced in the current density JSCLC,tf in

Eq. 2.13, for the trap-free regime, the calculated mobility increases by more than

a factor of three (see Fig. 2.8). Therefore, a more accurate value for the mobility

is µ = 35 cm2/Vs at 290 K and µ = 58 cm2/Vs at 225 K. We note that the

Montgomery method is only valid in the linear part of the I − V regime. For

I ∝ V 2 the effective thickness (zeff ) should be considered as the upper limit.

Thus, this analysis provides a lower limit of the intrinsic mobility.

2.3.3 Band transport in pentacene single crystals

Fig. 2.8 shows that below room temperature the mobility increases with decreasing

temperature following the relation:

µ = C · T−2.38 (2.16)

This behavior is noticed in several samples and it is consistent with a band model

for charge transport in pentacene [14], with the interaction of the delocalized car-

riers with the phonons, the main scattering process. Above room temperature a

different transport mechanism dominates the mobility. This low temperature de-

pendence was earlier suggested by time-of-flight experiments on single crystals of

naphthalene and anthracene [20]. In this Chapter we present the low-temperature

electrical measurements performed on organic single crystals pentacene, that also

point to a ”band-type” conduction. We were able do reproduce the early TOF ex-

periments in electrical measurements using crystals with a high degree of purity

(Nt = 1.74 · 1011 traps/cm−3). The ”metallic-like” behavior was also demon-

strated in field-effect transistors built at the surface of high quality rubrene single

crystals [4, 5]. Previous electrical measurements on organic crystals were dom-

inated by defects and impurities that severely localized the charges. This was
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reflected in a lower mobility than the intrinsic one, and a thermally activated

charge transport, which is also not of intrinsic origin. In the band-like picture

of the transport in molecular crystals (Fig. 2.9(a)), the mobility decreases with

increasing temperature due to electron-phonon coupling. The scattering events

involve interactions with defects and lattice vibrations. The vibration of the lat-

tice increases with temperature, causing more scattering, and thus reducing the

mobility. Moreover, following Holstein’s theory of small-polarons, at low tem-

peratures the electronic mobility decreases with increasing temperature due to

bandwidth narrowing. Hannewald et al. expanded the local approach developed

by Holstein with nonlocal (Peierls-type) couplings using first-principles density-

functional calculations [22, 23]. Their theory is in good agreement with the low

temperature behavior of charge-carrier mobility shown in Figure 2.8. At high

temperature, due to phonon-assisted hopping (Fig. 2.9(b)), the mobility increases

with temperature (as seen in Fig. 2.8 above room temperature) [21].

2.3.4 Origin of traps

In the following, we will focus on the origin of the trapping factor (Θ) in Eq. 2.7.

The traps in the crystal are mainly caused by structural imperfections and chemi-

cal impurities (see the scheme in Fig. 2.10). In our crystals Θ varies from Θ = 0.3

at 225 K to Θ = 0.82 at 340 K. With increasing electric field the density of in-

jected carriers will increase, and above the trap-filled limit voltage (VTFL) the

mobility is not affected by impurity states and defects [24], as shown in Fig. 2.7.

This part of the curve was used to calculate the mobility of pentacene.

Extended defects, such as edge dislocations or screw dislocations modify the

available energy levels in their vicinity, often leading to the presence of accessi-

ble vacant orbitals in the band gap. We minimized the number of traps by a

careful crystal growth and subsequent handling. Heating the as grown crystals in

an inert argon atmosphere will reduce the dislocation density. These defects are

introduced during the crystallization process and are thermodynamically unsta-

ble. Thus their number decreases by annealing. Dislocations will also enhance the

chemical reactivity in their vicinity. Under the influence of light and temperature,

reactions that oxidize pentacene to pentacenequinone will occur preferentially at

dislocations [7]. So, even if the quinone is not present after crystal growth, it can

be formed at defects after exposure to air and light.

We found that 6,13-pentacenequinone is the dominant chemical impurity. We

did not observe C22H15 and C22H13O impurities that were calculated to form gap

states in our pentacene, C22H14 [25]. Moreover, we argue that these molecules
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Figure 2.9: Charge transport mechanisms in organic conductors. (a) Band-type

conduction. In a perfect crystal, a free charge carrier is delocalized.

As the temperature is increased, the lattice vibrations scatter the

charges. This limits the charge carrier mobility. The mobility µ for

band transport increases with decreasing temperature. (b) Hopping

conduction. If the carrier is localized (e.g. due to defects), the lat-

tice vibrations promote a carrier to ”hop” over barriers of height Eb

between the localized sites. For hopping transport the mobility µ

increases with increasing temperature. The figure is adapted from

ref. [27].
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Figure 2.10: Origin of traps for the injected charges in pentacene single crystals
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are irrelevant as these radicals are highly reactive. We were able to prevent the

formation of the dihydropentacene C22H16 by using argon as transport gas during

the crystal growth. We have shown that the reduction of 6,13-pentacenequinone

(C22H12O2) impurities in pentacene by a factor five reduces the number of traps by

almost two orders of magnitude. These impurities have different energy levels from

pentacene, but they are energetically inert as a hole trap because their HOMO

level is positioned below that of the host molecule ( [25] for C22H16 and [26] for

C22H12O2). This is distinctly different from experiments performed on smaller

acenes, where the impurities yield states in the gap [7]. For this reason, the

number of traps in our measurements is different from the number of chemical

impurities. Although the impurity molecules do not act as trapping centers, they

will induce a local deformation by distorting the pentacene lattice locally and

create a scattering center. The quinone molecule is non planar and larger than

pentacene. The middle ring has a flattened-chair shape with the bond length

of 1.216 Å and planar inclined at an angle of 3.1◦ to the molecular plane [27].

Thus, it will induce a local deformation leading to an increase in potential energy

because of changes in molecular density. The quinone will strongly influence the

number of such scattering sites, and thus the charge transport through organic

single crystal.

2.4 Conclusions

In conclusion, we have reduced the impurity concentration of pentacenequinone

in pentacene by a pretreatment consisting of vacuum sublimation of the impurity

under a temperature gradient. The crystals exhibit a trap-free space charge lim-

ited current behavior. The mobility increases with decreasing temperature with a

power law µ ∝ T−n from µ = 35 cm2/Vs at room temperature to µ = 58 cm2/Vs

at 225 K, indicating band transport. These results incorporate corrections for the

effective thickness of the crystal for the anisotropic resistivity, where the effective

thickness is at least three times smaller than the crystal thickness. Our results

emphasize the importance of the control of defects and impurity states in molecu-

lar organic crystals in order to obtain a high electronic mobility, and allow studies

of the band transport regime [28].
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