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We have studied the growth of pentacene films(2–8 monolayers) on modified Si-wafer surfaces by means of
synchrotron x-ray diffraction. The diffraction data reveal a nonthermal damping of the(coherent) Bragg
reflection intensities according to an exponential dependence on the 3/2 power of the momentum transfer. The
simultaneous presence of strong diffuse scattering centered around the Bragg positions indicates the presence
of local defects. A quantitative analysis of the Bragg and diffuse scattering allows us to identify screw and edge
dislocations as the main defects on the molecular scale. We quantify dislocation densities as a function of
substrate termination.
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I. INTRODUCTION

Small organic conjugated molecules are currently the sub-
ject of intense research due to their large potential for or-
ganic and molecular electronics. Among the various materi-
als under investigation, pentacenesC22H14d, a long, flat,
aromatic molecule[Fig. 1(a)] is particularly promising, since
it easily forms layered crystals[Fig. 1(b)] if deposited onto
flat, inert surfaces, resulting in highly anisotropic transport
properties.1 Pentacene may be used to fabricate organic thin
film transistors(OTFT’s) in applications where large area
coverage, flexibility, and room temperature deposition pro-
cesses are required.2,3 In such devices, high-field mobilities
on the order of 1.5 cm2/ sV sd (Refs. 4 and 5) have been
reported.

Extensive work has been dedicated to characterize the
morphology of thin pentacene films(10 nm to 1mm) on
various substrates such as SiO2,

7,8 Si,9 Ag,10 H-terminated
Si,7 passivated Si,11 and polymer surfaces.12 In these studies,
surface modification, the growth temperature, flux, and ki-
netic energy of the deposited molecules10 were all varied to
study their influence on the apparent grain/island sizes, their
roughness, and the orientation of the molecular axis(lying
down versus standing up). These studies show the extent to
which traditional growth concepts such as diffusion-limited
aggregation13–16 (applicable to a large class of inorganic het-
eroepitaxy systems) can be adapted for organic
systems.8,11,12,17Another motivation for these structural stud-
ies is to understand and optimize the performance of penta-
cene devices by correlating electronic and structural
properties.1–5,18–25

It is now established that grain boundaries in OTFT’s
[Fig. 1(c)] may act as traps for charge carriers.26–28But little
is known about the degree of disorder at the molecular level
of thin film devices(vacancies, dislocation types and densi-
ties, small angle boundaries, etc.). Recent high-resolution
transmission electron microscopy(HRTEM) studies of
edge-on pentacene crystallites nucleated on friction-

transferred polymer substrates show that dislocations are
present,29 suggesting that this may be the case for other sub-
strates, too. It is well known that structural defects have a
strong influence on the charge transport of inorganic semi-
conductors; therefore the dislocation density may act as a
benchmark for the quality of crystalline materials and in
turn, device performance. Moreover, first principles calcula-
tions indicate that the details of the molecular arrangements
may also have an influence on the transport properties of
organic crystals.30

FIG. 1. (a) PentacenesC22H14d molecule.(b) Side view of the
layered structure of pentacene.(c) Pyramidal growth assisted by
screw dislocations with opposite sign. The solid lines indicate mo-
lecular stepss1.5 nmd. (d) Typical edge dislocation arrangement
around a screw dislocation. This dislocation arrangement is equiva-
lent to splay-bend(and sometimes bend-twist) disclination(Ref. 6).
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Here, we report a synchrotron x-ray diffraction experi-
ment that addresses structural defect densities in pentacene
films by measuring the Bragg intensity dependence on mo-
mentum transfer and large sections of reciprocal space
around the Bragg reflections, thus revealing diffuse scatter-
ing related to defects.

II. DISLOCATIONS, DISTORTIONS, AND MORPHOLOGY

In molecular beam epitaxy, the substrate temperature and
the rate of deposition determine crucial film parameters such
as island/grain size distribution, crystallinity and
roughness.31 In the low flux regime, molecules diffuse along
the surface and a layer-by-layer growth is possible. However,
in this growth mode, new nuclei have to form after the clo-
sure of each layer. Thus, layer-by-layer growth is not con-
tinuous. Therefore, initial layer-by-layer growth tends to con-
vert into a much faster, defect-assisted growth mode. A
prominent example is screw-dislocation-assisted growth,
manifesting itself in the simplest scenarios by spiral growth
patterns.32 Often, pairs of screw dislocations, with opposite
sign (Frank-Read source33), are energetically more stable,
giving rise to more complex growth patterns such as pyrami-
dal or conical, staircaselike growth as shown in Fig. 1(c)
where the lines indicate molecular steps.34 Usually, screw
dislocations are accompanied by edge dislocations to adjust
the different splaying “branches,”35 as shown schematically
in Fig. 1(d). For clarity, only one screw dislocation is shown.

Dislocations give rise to distortion fields. Molecules can
be displaced in their entirety along the chain axes or in the
transverse direction. If the substrate is flat and rigid, it con-
strains these movements considerably. Further peculiarities
of distortion fields in pentacene arise from the weak H-H
interactions between cleaving planes(a-b plane), leading to a
crystalline film exhibiting much stronger lateral interactions
than along the surface normal.36 This implies a highly aniso-
tropic response to external forces, favoring distortions along
the surface normal. Therefore, we will assume that the domi-
nant defects are screw dislocations with a Burgers vectorb
along the long axis of the pentacene molecules.

The screw dislocations are accompanied by a network of
misfit (edge) dislocations, as shown in Fig. 1(d). The ends of
the edge dislocations form prismatic loops with radiusR.
One screw dislocation may be surrounded by many loops of
different radius. In our simplified model, we take this into
account by introducing a densitynL defined as the loops per
unit volume, and by introducing an average loop radiusR0.
nL may be converted to an areal density by multiplication
with the film thicknessD. nL (by definition) represents an
upper estimate of the number of screw dislocations.

The straight dislocation density per unit area(screw and
edge dislocations) is denoted asn. n is related tonL andR0
by37 3nLR0=n. Equivalently,

R0 = ÎfnLR0
3g3/fng. s1d

III. SCATTERING THEORY

A quantitative analysis of disorder at the molecular scale
throughout the film is possible by means of x-ray diffraction

experiments. The scattering intensity of a defective layer can
be written within the kinematic approximation as follows:

Isqd = IBsqd + IDsqd. s2d

Here IB describes the coherent(Bragg) scattering,ID is the
diffuse scattering intensity, andq is the momentum transfer.
Analyzing the diffuse and Bragg scattering, it is possible to
quantify defect types and densities.

A. Bragg scattering

Let us define the reciprocal-lattice vectorkHKL corre-
sponding to the average lattice of the crystalline pentacene
film. In the following, we focus on reflections in the specular
direction, i.e.,k00L. Then, k00L=Ls2p /czd, where L is the
Miller index, and the thickness of a molecular layer iscz, as
shown in Fig. 1(b).

Displacements will contribute to a static, nonthermal
Debye-Waller factor(DWF) damping of the initial Bragg
intensitiesIBsk00Ld. The damped Bragg intensity is

IBsqzd = I0sqzdexps− 2Wd. s3d

Here,I0 represents the diffracted intensity of the undistorted
lattice and exps−2Wd describes the static damping. If strong
static distortions dominate the DWF(i.e., 2W.1 andq ·b
ù1, whereb is the Burgers vector), the leading term of the
DWF may be expressed as

2W= nLR0
3sq ·bd3/2fsmd. s4d

Here,m=q /q is the normalized scattering vector pointing
along the direction of the momentum transferq and fsmd is
a contrast factor of the order of one. The value offsmd
depends only on the orientation of the diffraction vector with
respect to the misfit dislocations. Thus,fsmd exhibits noL
dependence for 00L type reflections. Furthermore, if the Bur-
gers vectorb is along the long axis of the molecule[Fig.
1(d)], then Eq.(4) further simplifies to

2W> s2pd3/2nLR0
3L3/2fsmd = DBL3/2. s5d

In turn, the parameternLR0
3fsmd can be determined from a

plot of the logarithm of the Bragg intensitiesIB versusL3/2.
Qualitatively,nLR0

3<1 implies that the whole film contains
dislocations whilenLR0

3!1 implies that the defective areas
are in coexistence with rather large, undistorted regions.

B. Diffuse scattering

Due to the presence of misfit dislocations and dislocation
loops, the reciprocal-lattice points of the real pentacene crys-
tal are misoriented and displaced relative to the ideal lattice.
Relative to each reciprocal-lattice point we introduce the re-
duced momentum transfert=sq−k00Ld /k00L. Here,q is lo-
cated in the vicinity of the Bragg position. Experimentally,t
is chosen by changing the angle of incidencesQd while
keeping the scattering(detector) angle 2Q constant.t is also
called the misorientation vector and the corresponding scan
is called a rocking scan[see Fig. 2(a)]. The diffuse intensity
around each reciprocal-lattice point is a function of the mis-
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orientation vectort. For the calculation of the rocking curve,
we average the intensity distribution in the plane perpendicu-
lar to the rocking axis to account for the anisotropic resolu-
tion element in this geometry.

A linear increase of the full width at half maximum of the
diffuse intensitykuu

D with k00L is characteristic of defects as-
sociated with nonuniform strain fields, as found also in
simple models of misfit dislocations at the interface of inor-
ganic films.38,39 For pentacene, assuming equal density of
misfit dislocations for all slip systems, we obtain a linear
dependence on the dislocations densityn and on the layer
thicknesscz. This is typical for strain gradient fields due to
unpaired dislocations40

kuu
D = 10nczk00LbCsm,bd. s6d

Here,Csm ,bd is an orientation-dependent contrast factorC
,1. Assumingb=c, Eq. (6) simplifies to

kuu
D > 20pcznLCsm,bd = DDL. s7d

Thus, the straight dislocations density per unit arean can be
estimated from a linear plot of the diffuse(rocking scan)
intensity width kuu

D versus the Miller indexL, if some as-
sumptions aboutCsm ,bd are made. Typically, the contrast
factors fsmd andCsm ,bd are of the order of unity. The de-
tailed analysis of contrast factors is possible only if Bragg
reflections in different directions are studied. In the experi-
mental work presented below, we focus on Bragg reflections
along the surface normal. Hence,fsmd andCsm ,bd are set to
1 in the analysis. In order to extract the average radius of
dislocation loopsR0, one may make use of the relation(1).

IV. EXPERIMENTAL DETAILS

Since pentacene film formation is controlled by relatively
weak van der Waals interactions, nucleation of the first
monolayer(ML ) is extremely sensitive to the presence of
defects or impurities on the substrate surface, which act as

pinning centers. To minimize the influence of surface impu-
rities, we applied a three-step wet-etching procedure to sili-
con (100) wafers with a 10 nm thermally grown oxide.7 Step
I removes organic contamination at the thermal oxide sur-
face. During step II, the thermal oxide is removed, and after
rinsing, the surface becomes H terminated. Step III is in-
tended to reoxidize the topmost Si bilayer in a controlled
way. For comparison, pentacene was also deposited on an
octadecyltrichlorosilane(OTS) layer grafted to a thermal ox-
ide s100 Åd following a procedure described in Ref. 3.

Pentacene films were evaporatedin situ in a transportable
vacuum chamber equipped with a 270° beryllium window, a
Knudsen cell, a quartz crystal microbalance, and a sample
holder that allows temperature control in the range of
200–500 K. The deposition rate was kept at 1.25
310−3nm/sec(or 1 ML/20 min assuming 1 ML is 1.5 nm)

FIG. 3. X-ray intensities for a nominal coverage of 8 ML. Top
panel: Reflectivity data recorded under specular conditions for dif-
ferent surface terminations(from top to bottom: H terminated, re-
oxidized, OTS-grafted surface). Bottom panels(a–d): X-ray rocking
scan intensities. The scans are performed at the center of the 00L
Bragg reflections(dashed lines in the top panel of Fig. 3). (a) L
=1 (b) L=2, (c) L=3 (d) L=4. The OTS, H termination, and reoxi-
dized surface are indicated by squares, disks, and triangles,
respectively.

FIG. 2. Diffraction geometry. Reciprocal-space scheme indicat-
ing the directions of specular and rocking scan. Also shown are the
k00L positions and the misorientation vectort.
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for all experiments with the substrate held at room tempera-
ture during deposition. The background pressure during
evaporation was 1310−7 Torr.

X-ray experiments were carried out at the National Syn-
chrotron Light Source(NSLS) at the Exxon beamline X10b.
The wavelength was fixed at 0.1123 nm. Pentacene films
were evaporated on H-terminated, on reoxidized, and on
OTS-terminated wafers. The duration between surface prepa-
ration and evacuation of the sample environment was less
than 30 min.

The layered pentacene structure gives rise to Bragg peaks
at thek00L=L2p /cz positions, as indicated in Fig. 2. Specular
scans determine the layer thicknesscz [see Fig. 1(b)]. At
selectedqz positions, rocking scans divide the intensity dis-

tribution into a resolution-limited, delta-shaped Bragg com-
ponent and broad diffuse scattering.

V. RESULTS

The specular intensities of all pentacene films are summa-
rized in the top panel of Fig. 3. The curves have been dis-
placed vertically for clarity. The reflectivity behavior towards
smallerq is superimposed on a series of Bragg reflections
induced by the layered structure of the films. The vertical
dashed lines indicate the Bragg positions for a lattice spacing
of cz=15.5 Å. This lattice spacing is characteristic for the
“thin-film phase” of pentacene on inert surfaces for room
temperature deposition. Depending on the growth param-
eters, other phases may also be present. Bulk phase penta-
cene, for example, exhibits a lattice spacing ofcz=14.4 Å.41

The finite peak width alongqz, Dqz=0.048 Å−1 for the
H-terminated surface andDqz=0.055 Å−1 for the reoxidized
surface, can be converted to a thicknessD using the relation
D=2p /Dqz. D=130 Å is obtained for the H-terminated sur-
face andD=114 Å for the reoxidized surface. Both numbers
agree with the nominal film thickness ofD=8 ML
315.5 Å=124 Å, given that the evaporation rate is only ac-
curate to about 10% and that the sticking coefficient may
differ from unity. The OTS-templated film, however, exhibits
a much narrower linewidth(Dqz=0.029 Å−1 or D=216 Å).
Additionally, the peak splitting is clear evidence of the pres-
ence of two structurally different phases: a dominant “thin
film” phase(cz=15.5 Å, vertical dashed lines in the top panel
of Fig. 3) and some degree of bulk phase pentacene(14.4 Å).
Thus, growth on OTS is more heterogeneous.

In order to further characterize the origin of the diffracted
intensities, rocking scans were performed at the center of the
Bragg reflections. The results are summarized in Figs.
3(a)–3(d). The scans reveal a sharp and a broad component,
both with a pronouncedL dependence.

The sharp component may be identified as the resolution-
limited Bragg signal from the average latticeIB. With in-
creasingL, IB is strongly damped, as expected for the pres-
ence of static disorder[Eq. (3)]. The damping of the Bragg
intensity withL is analyzed by plotting the logarithm of the
Bragg intensityflnsIBdg versus the scaled momentum transfer
sL3/2d [Fig. 4(b)]. In agreement with Eq.(5), a linear behav-

TABLE I. Summary of the parameters determined from the linear regressions in Fig. 4. The surface
termination of the substrate is indicated in the first column. The negative slopeDB of the Bragg intensity as
function of L2/3 is reported in the second column, and, using Eq.(5), these numbers are converted tonLR0

3

(third column). The slopeDD of the increase of the diffuse intensity widthkuu
D with L is reported in the fourth

column, and, using Eq.(7), these numbers are converted to the straight dislocation density per unit arean,
and reported in the fifth column. The estimate of the average radius of dislocation loopsR0, based on Eq.(1),
is reported in column 6. The areal loop density, obtained fromnLR0

3 (col. 3), R0 (col. 6), and a film thickness
D.120 Å, is reported in the last column.

Surface DB nLR0
3 DD n R0 nLD

s10−3 Å−1d s1011 cm−2d sÅd s1011 cm−2d

H terminated 1.75±.06 0.11±.003 21±5 2.1±.5 125±30 0.67

Reoxidized 1.08±.02 0.07±.001 8.8±1.6 0.9±.2 153±30 0.24

OTS 0.97±.08 0.06±.005 4.7±0.3 0.5±.03 190±20 0.11

FIG. 4. X-ray analysis.(a) The full width half maximum of the
diffuse intensitykuu

D is plotted versus L. The Miller index is reported
in reduced lattice units.(b ) The logarithm of the Bragg intensity
flnsIBdg is plotted versus the scaled momentum transfersL3/2d. The
OTS, H termination, and reoxidized surface are indicated by
squares, disks, and triangles, respectively, in both plots.
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ior is found[solid lines in Fig. 4(b)]. The slopesDB and the
parameternLR0

3 [using Eq. (5) and assumingfsmd=1] are
summarized in Table I.

The broad component in Figs. 3(a)–3(d) represents diffuse
scatteringID. The scaling of thekuu

D width of the diffuse
intensity withL [Eq. (6)] is determined by the full width at
half maximum (FWHM) of the diffuse scattering intensity
[Fig. 3(a)–3(d)]. TheL dependence of the respective width is
summarized in Fig. 4(a). The linear slopeDD is determined
from a linear regression[solid lines in Fig. 4(a)] and the
slope is converted ton using Eq.(7). The numbers are sum-
marized in Table I. The estimates ofR0, based on Eq.(1), are
summarized in column 6 of Table I.

The dependence of the diffuse intensities on film thick-
ness was studied by comparing the scattering from a 2 ML
and an 8 ML pentacene film deposited on(piranha-cleaned7)
(Step I) thermal silicon oxide. The data are depicted in Fig.
5. Apparently, the overall intensity increases with coverage,
while the line shape hardly changes. This indicates that de-
fects forming at the initial stage of growth propagate
throughout the film and, in turn, the(areal) dislocation den-
sity n is constant with thickness.

In order to verify that the diffuse scattering originates
from static distortion rather than thermal disorder, a control
experiment at 130 K(using a closed cycle refrigerator) was
performed in the vicinity of the(003) reflection. Hardly any
change is observed in the diffuse or in the Bragg scattering,
confirming the static character of the distortions, which are
responsible for the damping of the Bragg intensities and the
generation of diffuse scattering.

VI. DISCUSSION

For an OTS-terminated silicon wafer, a 1 cm2 pentacene
patch contains aboutn=0.531011 dislocations(see Table I).
The same patch on a silicon oxide surface has aboutn=0.9
31011 dislocations, while on H-terminated silicon, the dis-
location density is as high asn=2.131011/cm2. Thus, all
films exhibit significant dislocation densities, with the
H-terminated surface resulting in the highest density.

The (independent) analysis of the damping of the Bragg
component with increasing momentum transferL confirms

this ranking, with the static damping being largest for the
H-terminated surface, lowest for OTS termination, and in
between for the reoxidized surface. The effective radius of
dislocation loopsR0 is microscopic in all cases. For the
H-terminated surface,R0 is 125 Å, while it is 153 and 190 Å
for the reoxidized and OTS-terminated surface, respectively.
This implies that dislocations emerge close to the center of a
screw dislocation.

Atomic force microscopy(AFM) micrographs of the
nominally 8 ML films have been obtainedex situin tapping
mode (Fig. 6) after completing the x-ray study. For the
H-terminated Si surface[Fig. 6(a)], the apparent grain size is
severalmm. Close inspection reveals the presence of deep
holes, which are often located close to the center/top of the

FIG. 5. Thickness dependence. The(002) rocking scan of a
2 ML and a 8 ML pentacene film deposited on piranha-cleaned
thermal silicon oxide.

FIG. 6. AFM micrographs7.5 mm37.5 mmd. The gray scale
represents relative height and ranges from black(zero height) to
white (height given below): (a) H terminateds30 nmd, (b) reoxi-
dized s25 nmd,(c) OTS-terminateds35 nmd.
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grains. Almost all of these deep holes represent an end point
of canyonlike valleys. For clarity, some of these holes are
marked by white arrows. We suggest that these holes are
“hollow cores,” i.e., screw dislocations with an empty core.
Hollow cores are possible if the energy to create the free
surface of the empty core is compensated by avoiding the
buildup of stress energy in the center of a screw dislocation.
It was predicted by Franck42 that these defects are possible in
organic materials such as protein crystals if the long axis of
the unit cell exceeds 10 Å. Recently, hollow cores were also
found in organic thin films of radicalp-nitrophenyl nitroxyl
nitroxide (p-NPNN).43,44

For the reoxidized Si surface[Fig. 6(b)], the grain size is
reduced to about 1mm diameter. Some deep holes close to
the top of the islands are still visible.

On the OTS layer the pentacene grain size is further re-
duced to the submicron region[Fig. 6(c)], and no “hollow
cores” are observed, and the films exhibit the lowest density
of straight dislocationsn (Table I). Remarkably, pentacene
films grown on OTS exhibit a carrier mobility larger than
films grown on clean oxide.3 We suggest that this might be
due to the reduced amount of straight dislocations.

It is also illuminating to compare the areal densities de-
termined from the x-ray analysis(Table I, columns 5 and 7)
of the AFM micrographs. For example, the film grown on the
H-terminated surface exhibits an areal loop density of 0.67
31011 cm2 (or 670mm2), and an areal dislocation density of
2100mm−2. A micrometer patch of the same film[Fig. 6(a)]
shows only about one pair of hollow cores, indicating that
the number of loops per screw dislocation is very large.

Pentacene grown on OTS exhibits the highest nucleation
density, the lowest dislocation density, and the coexistence of
the pentacene thin film phase with a three-dimensional
growth mode. One may speculate that enhanced supersatura-
tion (if compared to the more inert oxide and H-terminated
surface) is the physical origin of these effects.

The large damping of Bragg intensities reported in this
study is present in most of the published literature on penta-
cene films,1,45–47 indicating that a large defect density is a
general phenomenon in pentacene thin films, rather than one
specific to the growth conditions chosen in this work. The

presence of diffuse scattering requires verification by rocking
scans over a large angular range. An inverse proportionality
between rocking scan width for organic films and their elec-
trical mobilities was reported recently.48 Our analysis indi-
cates that diffuse scattering and Bragg scattering must be
disentangled in order to draw conclusions about the micro-
scopic nature of the film.

VII. SUMMARY

In summary, we have quantified dislocation densities in
pentacene thin films from the static damping of Bragg inten-
sities and from the width of diffuse scattering intensities. Our
analysis shows that defect densities are very high in penta-
cene films. This should be taken into account for a molecular
understanding of transport properties in organic films and for
the comparison of transport in thin films and highly perfect
single crystals. A detailed description of the diffuse intensity
line shape should reveal the local distortions around defects
in detail. For this, however, future experiments should be
extended to nonspecular Bragg peaks.
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