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We used neutron reflectivity to complement X-ray reflectivity characterization of PCBM-based layers

formed on poly(3-hexylthiophene) (P3HT). Single-layer analyses were used to provide reliable

scattering length density values for bilayer fitting. Atomic force microscopy analyses showed trends

similar to the reflectivity experiments when observing upper surfaces. Styrene polymers added to

PCBM in small concentrations (ca. 10%) led to processing advantages while retaining substantial

electron mobility, about 0.001 cm2/V s. The further introduction of a relatively heavy bromo

substituent on the styrene rings greatly increased the film smoothness, as revealed by increases of the

oscillation amplitudes in the reflectivity. In addition, the bromine heavy atom increased the X-ray

reflectivity scattering length density of the upper layer. Finally, we present data consistent with PCBM

becoming partially mixed with the P3HT as the PCBM is spin coated from a solution with

poly(bromostyrene) to form an overlying film, consistent with predictions based on published phase

diagrams of the P3HT-PCBM system.
1. Introduction

Devices composed of organic and polymer pn junctions are of

great current interest as part of the growing suite of organic

electronics technologies based on organic semiconductors

(OSCs). Organic light-emitting diodes (OLEDs) are already

employed commercially,1 and organic diodes are under wide-

spread development for solar cells. The power conversion effi-

ciency of OSC-based solar cells now exceeds 8%, with blends of

polymers with phenyl-C61-butyric acid methyl ester (PCBM)

and higher fullerenes giving the best performance.2 The proto-

typical polymer for such studies has been regioregular poly(3-

hexylthiophene) (P3HT). Organic diodes have been largely

studied in two geometries: distinct bilayers and bulk hetero-

junctions (BHJs). BHJs have shown the best performance to

date, but the complex morphology of the BHJ makes it hard to

study detailed properties of the crucial pn interface where charge

separation happens. Therefore, layered structures have
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significant advantage in studies of interface properties. In addi-

tion, as pointed out recently,3 there is a natural crossover from

bilayer to BHJ as the boundary between layers becomes rougher,

and therefore the study of bilayers can also potentially inform

understanding of BHJs.

The layered architecture of a bilayer introduces the opportu-

nity to use the powerful scattering technique of reflectometry to

probe device structure. However, the most common approach,

X-ray reflectometry (XRR), is hampered because atomic X-ray

scattering cross sections increase with atomic number, and thus

the scattering contrast between different materials on which

reflectometry depends is generally small between different OSCs,

which typically contain atoms with similar charge density. One

approach is to use neutron reflectometry (NR), where the scat-

tering contrast between PCBM and other OSC materials is

large.4–6 Here we introduce another approach: incorporating

high-atomic number atoms into one component to enhance the

scattering contrast. We illustrate this ‘‘heavy atom’’ approach by

blending poly(4-bromostyrene) (PBrS) with PCBM in P3HT/

PCBM bilayers.

As we show in this paper, in addition to the improvement in

XRR scattering contrast, the PBrS additive enables the

production of smooth films that retain reasonable electronic

performance, despite the insulating properties of PBrS. The

addition of inert polymers, including polyethylene and poly-

styrene, to the semiconducting organics in bulk heterojunction

solar cells is now being considered, and in some cases, substantial

photoconversion efficiency is retained.7 Interestingly,
This journal is ª The Royal Society of Chemistry 2012
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substitution of polystyrene (PS) for PBrS in our structures does

not yield smooth films.

We also find via NR studies that there is significant mixing

from the top PBrS:PCBM layer into the P3HT underlayer in

our bilayer structures. Such mixing in P3HT/PCBM bilayers

has been observed previously by NR,4 and this effect appears

to be a general consequence of the miscibility of PCBM in

P3HT.8–10 Indeed, production of bulk heterojunctions from

bilayer precursors may be an attractive route to device fabri-

cation.3,11 With the concept of employing polymer blends in

OSC devices gaining momentum, our results may point new

directions for improving OSC device characterization and

controlling the structure and ultimately the performance of

such devices.
2. Experimental

2.1 Film deposition and sample fabrication

OSC thin films were fabricated by spin coating. Bilayer samples

for structural studies were made on conductive silicon wafer

substrates with 300 nm thermal oxide grown on top. Prior to

deposition, the substrates were cleaned by sequential sonication

in acetone and isopropanol, followed by 20 min UV-ozone

treatment. Poly(3-hexylthiophene) P3HT (4002-E, Rieke Metals,

Inc.12) was deposited from 7 mg/mL solutions in chlorobenzene

at spinning speeds of 2,000 RPM, conditions that were deter-

mined by atomic force microscopy measurements to minimize

surface roughness.13 The resulting films were characterized as

single layers and were also used for bilayers. To make bilayers,

films of phenyl-C61-butyric acid methyl ester (PCBM) (Nano-C,

Inc.12), poly(4-bromostyrene) (Sigma-Aldrich,12 average molec-

ular weight 65,000) and polystyrene (Sigma-Aldrich,12 average

molecular weight 70,000) and blends of the polymers and PCBM

in the range 1 : 9 to 1 : 1 by weight were deposited on top of the

P3HT layers from 5 mg/mL solutions in dichloromethane

(DCM) at spinning speeds of 2,000 RPM. DCM is a very poor

solvent for P3HT,14 and has been suggested as a means to deposit

PCBM layers on P3HT films.15 All OSC solutions were passed

through 0.45 mm poly(tetrafluoroethylene) (PFTE) filters prior to

deposition.

For single films of PCBM and PCBM/polymer blends, prior

to deposition, the Si/SiO2 wafers were cleaned in 3 : 1 H2SO4/

H2O2 (Piranha) solution, followed by treatment with hexame-

thyldisilazane to enable good adhesion of the OSC films.

Deposition solutions for these films ranged from 5 mg/mL to

10 mg/mL, and spinning speeds between 1,000 and 4,000 RPM

were used.

Field-effect transistors (FETs) were fabricated on conductive

silicon wafer substrates with 300 nm thermal oxide grown on top.

OSC films, containing PCBM alone or blended into a polymer,

were spin coated. Gold source and drain electrodes were vapor-

deposited through a shadow mask, to define channels of widthW

¼ 6 mm and length L ¼ 250 mm.

Diodes with active area 0.1 cm2 were fabricated on glass with

patterned indium tin oxide (ITO) electrodes. P3HT was spin

coated, followed by a polymer-PCBM mixture. Aluminum was

vapor-deposited to form top electrodes, completing the devices.
This journal is ª The Royal Society of Chemistry 2012
2.2 Characterization

Atomic force microscopy. The morphology of the surfaces of

the OSC films was measured using an atomic force microscope

(AFM). The surface roughness as measured by this technique

was parametrized via Gaussian fits to histograms of the pixel

height distribution in tapping mode images of the form N ¼ N0

exp((z � z0)
2/wA

2), where z is the height, and wA is the AFM

roughness parameter, averaged over the field of view of the

AFM.

Spectroscopic composition analysis. Film composition was

verified by ultraviolet-visible (UV-Vis) spectroscopy. Composi-

tion depth profiling was done via X-ray photoelectron spectros-

copy (XPS), using Mg Ka radiation in conjunction with 4 keV

argon ion sputtering.

X-ray and neutron reflectometry (XRR and NR). Reflectometry

measurements were made on samples with typical dimensions

25 � 25 mm2. XRR measurements were carried out using

diffractometers with Cu X-ray sources at Johns Hopkins

University and at the NIST Center for Neutron Research.

Curved graphite monochromators were used to select Cu Ka

radiation with wavelength l ¼ 1.54 �A. U-2q scans were per-

formed, where U is the angle between the incident beam and the

sample surface and 2q is the scattering angle. In a typical

specular reflectivity scan, 2q varied from 0� up to 11�, with

resolution better than 0.01�. Background data were obtained

using a 0.1� offset in U. NR measurements were carried out

using the NG1 neutron reflectometer at the NIST Center for

Neutron Research. A vertically focusing pyrolytic graphite

monochromator was used to select neutrons with wavelength

l ¼ 4.75 �A and a wavelength divergence of 0.05 �A. The neutron

beam had an angular divergence dq ¼ 0.018�. Specular reflec-

tivity scans were made over the range of 0� # 2q # 5.2�.
Background scans were made with a 0.3� offset in U and

covered the same range in 2q as used in the specular scans, but

with a lower density of data points. Both the XRR and NR data

were corrected for instrumental background and the footprint

of the beam, using the Reflpak software suite.16

Analysis of reflectivity data. XRR and NR give composition

information through their dependence on the depth profile of

their respective scattering-length densities (SLDs), rx(z) and

rn(z), where z is the coordinate perpendicular to the film plane,

which we measured relative to the top surface of the substrate

wafer. To describe the XRR and NR data, we modeled our films

as composed of multiple layers, with each layer parameterized by

its thickness, its neutron or X-ray SLD, and its neutron or X-ray

absorption coefficient. The boundary at each interface was

approximated by an error function that interpolates between the

two adjacent layers, and is of the form erf((z � zi)/wx,n), where zi
is the location of the interface, and wx (wn) is a parameter char-

acterizing the full-width of the interfacial mixing, originating

from roughness and/or interdiffusion, averaged across the

sample plane. The data were fit to this model with Reflpak and/or

Refl1D17 software using refinement procedures to find the set of

model parameters that best describe the data. The XRR data and

the NR data were fit separately.
J. Mater. Chem., 2012, 22, 4364–4370 | 4365
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Fig. 2 X-ray (XRR) and neutron (NR) reflectivity data for a P3HT film.

The error bars for the XRR data are smaller than the symbol size. Here

and throughout the paper, error bars shown on scattering data

represent �1 s deviation. The solid lines are fits as described in the text.

The film had thickness 224.9(5) �A and surface roughness 6.6(5)�A, as

determined from the XRR data. The X-ray and neutron scattering length

densities determined for our P3HT samples from such measurements are

rx ¼ 9.6(1) � 10�6 �A�2 and rn ¼ 6.9(3) � 10�7 �A�2, respectively, in

comparison to the calculated values rx ¼ 10.1 � 10�6 �A�2 and rn ¼ 6.8 �
10�7 �A�2 based on the bulk density of 1.1g/cm3 for P3HT.25
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Electrical property measurements. Transistor characteristics of

FET devices were recorded using the conducting Si substrate as

the gate, and pairs of adjacent gold electrodes as source and

drain. The gate voltage Vg was held constant as the drain voltage

Vd was swept and the drain current Id was recorded. Families of

output curves were generated at different Vg using a vacuum

probe station. Mobilities m were calculated in the saturation

regime, by fitting data to the standard equation

Id ¼ (W/2L)(C/A) m (Vg � Vt)
2, (1)

where C/A is capacitance per unit area and Vt is the threshold

voltage.

For diode devices, current–voltage curves were recorded

between laterally coincident ITO and Al regions.

3. Results

3.1 Structural studies

3.1.1 Single layers. We characterized single-layer films of

P3HT by AFM and XRR to determine their surface roughness

prior to deposition of the PCBM and PCBM/polymer blends.

The XRR together with NR measurements were used to deter-

mine the scattering length densities of these films. Fig. 1a shows

AFM data for a P3HT film. The film is quite smooth, with

surface roughness over the 10 � 10 mm2 scan area of wA ¼ 10 �A.

Fig. 2 shows XRR and NR data for this same film. The reflec-

tivities are plotted as a function of the wavevector transfer

perpendicular to the film plane Qz ¼ (4p/l)sin(q). Fits used to

determine composition profile information are shown as solid

lines, and are discussed in more detail in Section 4. The XRR

data in Fig. 2 show multiple oscillations with spacing DQz �
0.027 �A�1, which corresponds to the film’s thickness of �225 �A,

as determined from the fit. The presence of multiple peaks
Fig. 1 AFM images of (a) a P3HT single film and bilayers of (b) PCBM,

(c) 1 : 1 PBrS:PCBM and (d) PBrS on P3HT.

4366 | J. Mater. Chem., 2012, 22, 4364–4370
indicates that the surface of this film is relatively smooth. The fit

indicated that the P3HT-air interface had average surface

roughness of wx ¼ 6.6(5) �A. We note that while our AFM

roughness parameter wA and the interface widths wx and wn

measured with reflectivity in principle measure the same quantity

for the top surface of a film, quantitative comparison can be

problematic, since AFM is a more local measurement, while

reflectivity averages interface structure over the entire film, and

hence is sensitive to effects such as minor thickness variations

across the sample and substrate warping. There are also effects

such as difference in illuminated sample area that can complicate

quantitative comparison between XRR and NR in this respect.

Nonetheless, qualitative comparisons can be made.

The NR data shown in the inset to Fig. 2 were taken over

a more restricted range of Qz. Although the data range does not

extend far enough to observe many film-thickness oscillations,

these low-Q measurements are an efficient way to determine the

SLD of the film for comparison to that of bulk. Similar XRR and

NR measurements were made on single layer films of PCBM,

PBrS, and a 1 : 9 blend of PBrS:PCBM. These data are shown in

Figures S1–S3 in the Supplementary Material.

3.1.2 Bilayers. Fig. 1b shows AFM data for the top surface

of a P3HT/PCBM film. Such surfaces are rougher than single

P3HT layers, with typical roughnesses of wA ¼ 15 �A. Fig. 3a

shows XRR for three such samples. While UV-Vis spectroscopy

confirmed the presence of both P3HT and PCBM in such

samples (See Figure S4 in Supplementary Material), it was

generally very difficult to produce films that showed bilayer

structure when PCBMwas used without the polymer blends. The

characteristic feature expected for distinct OSC bilayers in XRR

is the presence of two spatial frequencies (i.e., ‘‘beating’’) in the

reflectivity data. While beating was observable in the cleanest

samples, as in the upper trace of Fig. 3a where intensity modu-

lation of the dominant oscillations at DQz � 0.012 �A�1 (arising

from the total OSC thickness) can be seen at 2DQz, far more
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) X-ray reflectivity (XRR) for three P3HT/PCBM samples. The

top trace (open circles) shows modulations indicative of bilayer structure,

as discussed in the text. The middle (open squares) and bottom (open

triangles) traces are more representative of such samples, and do not

show evidence of bilayer structure. The middle and bottom traces have

been offset by 2 and 4 decades, respectively, for clarity. The solid line is

a fit to a bilayer model, as discussed in the text. (b) Neutron reflectivity

(NR) data for the same sample as the top trace in (a). The solid line is a fit

described in the text that yields the SLD profile rn(z) shown in the inset.

z ¼ 0 corresponds to the top of the substrate (the SiO2 – OSC interface).

The values of rx and rn from the (PBrS:PCBM) layers determined from

these fits are shown in Fig. 10. Note that the SLD for the bottom layer

(0 < z < 285 �A) is much larger than that of P3HT, indicating intermixing

of PCBM from the upper layer.

Fig. 4 X-ray reflectivity (XRR) for P3HT/(PBrS:PCBM) bilayers for

three PBrS:PCBM ratios, 1 : 9, 1 : 3, and 1 : 1. The 1 : 3 and 1 : 1 traces

have been offset by 2 and 4 decades, respectively, for clarity. All three

samples show modulation indicative of bilayer structure. The solid lines

are fits as described in the text. The values of rx for the (PBrS:PCBM)

layers determined from these fits are shown in Fig. 10b. The (bottom

layer/top layer thickness) determined from these fits were (305 �A/268 �A),

(271 �A/295 �A), and (271 �A/236 �A) for the 1 : 9, 1 : 3, and 1 : 1 samples,

respectively. Inset: The same data and fits plotted as reflectivity R divided

by the reflectivity of silicon R(Si). These ‘‘Fresnel’’ plots emphasize the

modulation in the peak amplitudes produced by the bilayer structure.

The 1 : 9 and 1 : 3 traces have been offset by +2.25 and +1, respectively,

for clarity.

Fig. 5 Neutron reflectivity (NR) for P3HT/(PBrS:PCBM) bilayers for

three PBrS:PCBM ratios, 1 : 9, 1 : 3, and 1 : 1. The 1 : 3 and 1 : 1 traces

have been offset by 2 and 4 decades, respectively, for clarity. The solid

lines are fits described in the text that yield the SLD profiles rn(z) shown

in the inset. z¼ 0 corresponds to the top of the substrate (the SiO2 – OSC

interface). The values of rn for the (PBrS:PCBM) layers determined from

these fits are also shown in Fig. 10a.
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common were results such as the lower two traces in Fig. 3a,

where such features were absent. Neutron reflectivity data are

shown in Fig. 3b for the ‘‘clean’’ sample from Fig. 3a. Modula-

tion corresponding to bilayer structure in this exceptional sample

is also observed in the NR data.

When PBrS was added, the structure of the layered films

changed significantly. The AFM scan in Fig. 1c for a P3HT/(1 : 1

PBrS:PCBM) sample shows the top surface is notably smoother

than that of P3HT/PCBM samples (e.g. Fig. 1b), with roughness

of wA ¼ 5 �A. The surface structure of these films with PCBM-

polymer blended layers is comparable to that in a P3HT/PBrS

bilayer, as shown in Fig. 1d. Fig. 4 shows the effect of the

addition of PBrS on the bilayer XRR data. For PBrS:PCBM

blends as low as 1 : 9 and as large as 1 : 1, we consistently

observed clear evidence of beating in the XRR modulations

indicative of bilayer structure. The beating is emphasized in the

inset to Fig. 4, which shows the data normalized to the Q-

dependent reflectivity of pure Si. Neutron reflectivities are shown

in Fig. 5 for the same PBrS blended films shown in Fig. 4. As
This journal is ª The Royal Society of Chemistry 2012
discussed in Section 4 below, these data all show strong oscilla-

tions, indicative of complex structure characteristic of bilayers,

although the relative amplitudes are more pronounced compared

to those in the XRR due to differences in the scattering contrast

between the two layers.

Interestingly, films with PS:PCBM blends behaved very

differently from the PBrS:PCBM blends. As shown by the AFM
J. Mater. Chem., 2012, 22, 4364–4370 | 4367
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scans in Fig. 6, P3HT/(PS:PCBM) films were much rougher than

the P3HT/(PBrS:PCBM) films (Fig. 1), with wA ¼ 30–60 �A.

Fig. 7 shows XPS depth profiling for a 1 : 1 P3HT/(PBrS:

PCBM) film. As Fig. 7a shows, the signal from the film is

dominated by carbon until the SiO2 layer of the underlying wafer

is reached. Fig. 7b shows the same data on an expanded scale,

where the sulfur signal from the P3HT and the bromine signal

from the PBrS can be seen. The rise in the sulfur signal around

14 h etching time shows the top boundary of the P3HT layer. An

important observation is that the bromine signal extends beyond

this boundary into the P3HT. This suggests that there was

intermixing between the (PBrS:PCBM) layer and the underlying

P3HT. This point will be discussed in more detail in Section 4

below. Note also that the sulfur signal does not extend

throughout the upper layer to the surface of the film, in contrast

to what has been reported previously for P3HT/PCBM bilayers,

where XPS showed evidence for sulfur at the film surface.4
Fig. 7 XPS elemental analysis of a P3HT/(PBrS:PCBM) sample with

1 : 1 PBrS:PCBM ratio vs. sputtering etch time. The P3HT was spin-

coated from a 7 mg/mL solution in chlorobenzene at 2,000 RPM, and the

(PBrS:PCBM) blend was spin-coated from a 5 mg/mL solution in DCM

at 2,000 RPM. The rise in the Si and O signals in (a) indicate the edge of

the SiO2 layer on the substrate at the bottom of the OSC film. The rise in

the S signal in (b) indicates the beginning of the P3HT layer. The Br signal

extends into the P3HT layer, indicating that the PBrS is mixing into the

P3HT layer. Note that no S is seen near the top surface of the film (etch

time ¼ 0).
3.2 Electron transport properties

We verified that the addition of polymer to the PCBM preserves

a substantial amount of electron transport capability. Fig. 8a

shows the output characteristics for a FET made using the 1 : 9

PBrS:PCBM blend as the semiconductor layer. The magnitude of

Id becomes contact limited at Vg > 60 V, and evidence of slow

trapping or bias stress in the form of a slightly negative slope is

seen at that voltage as well. However, the device clearly behaves

as a FET. The mobility determined from measurements of six

such devices was m ¼ 1.0(3) � 10�3 cm2/Vs in the Vg range of 20–

60 V. While only low-to-moderate for a FET intended for logic

function, this mobility is adequate for the electron-transporting

domain in a bulk heterojunction solar cell.3,18,19 FETs using spin

coated PCBM alone gave higher but less reproducible mobilities

in the 10�3 to 10�2 cm2/Vs range, with the greater uncertainty

consistent with the morphological variations discussed above.

(See Figure S5 in Supplemental Material). A mobility of 10�2

cm2/Vs is consistent with recently reported values for PCBM

spincoated directly onto SiO2 gate dielectric,20–23 although

mobilities are higher on organic dielectrics.20,24 Fig. 8b shows the

output characteristics for a 1 : 9 PS:PCBM blend. This blend

gave mobility of m ¼ 8(4) � 10�4 cm2/Vs, somewhat lower than

for PBrS. At the least, we can conclude that the bromine atom

does not lead to diminished blend mobility.
Fig. 6 AFM scans of P3HT/(PS:PCBM) for (a) 1 : 9 and (b) 1 : 3 PS:

PCBM ratios. The scan ranges are 10 mm� 10 mm, and the z (color) scale

spans 30 nm. The PS layers were deposited at (a) 3,000 RPM and (b)

1,000 RPM from 5 mg/mL solutions. These samples with polystyrene are

significantly rougher than the corresponding PBrS-based structures, with

roughnesses of (a) w ¼ 3.0 (1) nm and (b) w ¼ 5.4(6) nm.

4368 | J. Mater. Chem., 2012, 22, 4364–4370
We also found that the PCBM blends can function as the

electron-injecting layer of a diode. Fig. 9 shows the rectification

behavior of an ITO-P3HT-(1 : 9 PBrS:PCBM)-Al diode, which

gave a rectification ratio of about 9 at 1 V vs. �1 V.
4. Analysis and discussion of structural data

We used the modeling procedure described in Section 2.2 to fit

our reflectivity data. The best-fit curves to the XRR and NR data
Fig. 8 Drain current Id vs. drain voltage Vd at fixed gate voltage Vg for

FETs made from blended films of (a) 1 : 9 PBrS:PCBM and (b) 1 : 9 PS:

PCBM.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2jm14967b


Fig. 9 Current density j vs. voltage V for a diode with structure ITO-

P3HT-(1 : 9 PBrS:PCBM)-Al under ambient (room) illumination.
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for single-layer samples of P3HT, PCBM, PBrS, and a 1 : 9

PBrS:PCBM blend are shown in Fig. 2 and in the Supplementary

Material (Figures S1–S3). The X-ray and neutron SLDs deter-

mined for these single layer films are listed in the figure captions,

and shown as black circles in Fig. 10 for PCBM and PBrS. These

results were used as starting points for the fits to the bilayer

samples. Both the XRR and NR SLD parameters for P3HT and

PCBM were close to calculated SLDs based on published

densities for these materials.25,26 The X-ray SLD for pure PBrS

was somewhat lower than the calculated value; while the neutron

SLD for this material was closer to the calculated value, this

discrepancy suggests that the density of these spin coated films

may differ slightly from the literature values. We note that

porosity, or free volume, has already been reported to lower SLD

in P3HT-PCBM systems.27 The calculated SLDs for PCBM and

PBrS are shown as green triangles in Fig. 10.

The best-fit curves for bilayer samples are shown in Fig. 3, 4,

and 5, and the resulting NR SLD profiles are shown in the insets

to Fig. 3b and 5. A decrease in SLD with increasing PBrS

concentration in the (PBrS:PCBM) blend in the top layer is
Fig. 10 (a) Neutron SLDs rn and (b) X-ray SLDs rx for (PBrS:PCBM)

layers and single films. Solid black circles: single-layer (PBrS:PCBM)

films (Supplementary Figs. S1–S3). Open red squares: P3HT/PCBM

bilayer (Fig. 3). Solid red squares: P3HT/((PBrS:PCBM) blended bilayers

(Fig. 4 and 5). Green triangles: calculated PCBM and PBrS SLDs based

on published bulk densities. Black lines: interpolation between measured

values for pure PCBM and PBrS single films. Error bars not shown are

smaller than the symbol sizes.

This journal is ª The Royal Society of Chemistry 2012
clearly visible in the inset to Fig. 5. The SLDs of the top layers of

the bilayer samples are also shown in Fig. 10 (red symbols).

Fig. 10a shows that the decrease in neutron SLD with PBrS

blending in the bilayers is generally consistent with that expected

based on the measured SLDs of the pure materials in single

layers. It is possible, however, that the slope of this decrease is

larger than a straight interpolation at small PBrS concentration.

As shown in Fig. 10b, the X-ray SLD of the top layer increases

with PBrS concentration, although the smaller difference

between the SLDs for X-rays as compared to neutrons makes

this change more modest than that seen in Fig. 10a. Nonetheless,

this indicates that the ‘‘heavy atom’’ approach of adding bromine

is able to influence the X-ray SLD contrast in such systems. (We

note that the calculated rx¼ 9.6� 10�6 �A�2 for PS, so PS without

bromine could not produce this effect.)

The scattering data also give information about the surface

roughness of the films. Surface roughness parameters determined

from the fits to the blended bilayer samples are shown in Fig. 11.

Both XRR and NR results show a trend toward decreased

roughness with increasing PBrS concentration, indicating that

the polymer has an impact on film morphology.

As described above, the XPS results (Fig. 7) showed the

presence of Br in the P3HT bottom layer of a bilayer with a 1 : 1

PBrS:PCBM top layer, suggesting that there may be intermixing

between the layers in these systems. As we now discuss, the NR

data show a degree of mixing between the layers as formed, and

the depth-dependent XPS data therefore seem to corroborate

this observation, but it is possible that the sputter process used in

the XPS depth profiling could cause a further mixing of Br atoms

into the lower film for the data in Fig. 7. As shown in the SLD

profiles in Fig. 3b and 5, for all of the bilayer samples measured,

the NR SLD for the bottom layer is significantly larger than the

value of rn¼ 6.9� 10�7 �A�2 that we obtained for a single layer of

P3HT (Fig. 2). Since both PBrS (rn¼ 1.8� 10�6 �A�2) and PCBM

(rn¼ 4.3� 10�6 �A�2) have larger SLDs than P3HT, this indicates

that material from the top layer becomes mixed in the P3HT

layer. This is consistent with mixing noted recently in pure P3HT/

PCBM bilayers by Lee et al.4 The SLD of the bottom layer

(rn � 2.4 � 10�6 �A�2) is lower in the blended bilayers with PBrS

in Fig. 5 than in the bilayer with pure PCBM (rn � 3� 10�6 �A�2)

in Fig. 3b, but it is interesting to note that the SLD of the bottom

layer does not change linearly with increasing PBrS concentra-

tion in the blended bilayer samples, as one would expect if the

PBrS and PCBM mixed equally well in the P3HT. Since the

observed SLD of the bottom layer in the blended films is larger
Fig. 11 Surface roughness wx (XRR, square symbols) and wn (NR,

circles) vs. PBrS concentration for blended films. Error bars estimated

from the fits are smaller than the symbol sizes.
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than that of PBrS, this suggests that, while some PBrS may mix

in, as indicated by the XPS data, the mixing species is predom-

inantly PCBM. The Br profile in the XPS data suggests that the

PBrS may be non-uniformly distributed through the P3HT layer,

and may be concentrated near the interface. The association of at

least some PCBM with PBrS could inhibit PCBM diffusion into

the P3HT under our processing conditions, accounting for the

drop in SLD from the pure to the blended bilayers. Also, PBrS,

analogous to PS, is likely to be less miscible in P3HT than is

PCBM.28,29

5. Conclusions

We have employed NR to reinforce XRR characterization of

PCBM-based layers formed on P3HT. Single-layer analyses were

used to provide reliable SLD values for bilayer fitting. AFM

analyses of the surface roughness showed trends similar to those

obtained from the reflectivity experiments. In addition, the fits to

the reflectivity data provided a full depth profile of the sample

composition, with particular sensitivity to the intermixing of

layers at the ‘‘buried interface.’’ Styrene polymers added to

PCBM in small concentrations (ca. 10%) led to processing

advantages while retaining substantial electron mobility. The

further introduction of the relatively heavy bromo substituent on

the styrene rings greatly increased the film smoothness, leading to

more pronounced oscillations in the reflectivity measurements.

In addition, the predicted increase in XRR SLD contrast

between the layers was observed, demonstrating the concept of

‘‘heavy atom labeling’’ to increase the scope of XRR for multi-

layer structural characterization. Finally, we presented data

consistent with PCBM becoming partially mixed with the P3HT

as the PCBM is spin coated from a solution with poly(bromos-

tyrene) to form an overlying film, consistent with predictions

based on published phase diagrams of the P3HT-PCBM

system.8–10
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