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Grazing-incidence wide-angle X-ray scattering (GIWAXS) has become an

increasingly popular technique for quantitative structural characterization and

comparison of thin films. For this purpose, accurate intensity normalization and

peak position determination are crucial. At present, few tools exist to estimate

the uncertainties of these measurements. Here, a simulation package is

introduced called GIWAXS-SIIRkit, where SIIR stands for scattering intensity,

indexing and refraction. The package contains several tools that are freely

available for download and can be executed in MATLAB. The package includes

three functionalities: estimation of the relative scattering intensity and the

corresponding uncertainty based on experimental setup and sample dimensions;

extraction and indexing of peak positions to approximate the crystal structure of

organic materials starting from calibrated GIWAXS patterns; and analysis of the

effects of refraction on peak positions. Each tool is based on a graphical user

interface and designed to have a short learning curve. A user guide is provided

with detailed usage instruction, tips for adding functionality and customization,

and exemplary files.

1. Introduction

Interest in the science behind semiconducting organic mate-

rials has grown considerably as organic-based electronics

enter mainstream markets (Chen et al., 2019). Advanced

characterization of material packing structure and disorder is

necessary to better understand structure–function relation-

ships. Traditional characterization approaches that are widely

used for inorganic materials are not as well suited for organic

materials due to their faster degradation and inherently large

disorder. For this reason, X-ray techniques have been used

extensively. On the length scale of about 1–30 Å, wide-angle

X-ray scattering (WAXS) is a popular approach, with grazing-

incidence WAXS (GIWAXS) maximizing the signal strength

(Liu et al., 2013). For similar reasons, GIWAXS has also

become popular in understanding perovskite thin films (Lilliu

et al., 2016; Chen et al., 2018; Zhong et al., 2018). Other

nanoscale thin-film materials benefit from GIWAXS as well: a

few examples include polyethylene (Sasaki et al., 2007),

porphyrins (Liman et al., 2013; Kim, Lee et al., 2012), block

copolymers (Liu et al., 2012; Lin et al., 2014) and nanoparticle-

based superlattices (Corricelli et al., 2014).

Peak positions in a GIWAXS pattern provide information

about reciprocal-lattice dimensions and symmetry, while the
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intensity of peaks can be used as a measure of the relative

degree of crystallinity (Hernandez et al., 2017) or the amount

of mixed phase in a blend (Oosterhout et al., 2017; Ran et al.,

2017). In well ordered materials with many observable scat-

tering peaks, a crystal structure can be obtained from a single

GIWAXS pattern (Servet et al., 1993; Akimichi et al., 1993;

Sherman et al., 2015; Nabok et al., 2007). The relative inten-

sities of peaks versus incident angle can give clues to the ver-

tical stratification within a film (Gann et al., 2018). In addition,

the width and/or shape of peaks can be used to find structural

coherence lengths (Noriega et al., 2013; Rivnay et al., 2011).

Accurate measurements and meaningful comparisons of

material characteristics require an understanding of inherent

uncertainties in a typical GIWAXS setup. In many cases,

changing the instrumental setup can affect a scattering pattern

in a complex nonlinear fashion (Toney & Brennan, 1989;

Klockenkàmper et al., 1992; Müller-Buschbaum, 2014). A

major factor contributing to this is the incident beam’s pene-

tration depth and waveguiding within a thin film, which is

subject to interference effects. Another consideration is the

conversion of a detector image to a usable reciprocal-space

pattern (with axes of Qxy and Qz, which are the components of

the scattering vector along the substrate and normal to the

substrate, respectively), for which a simple analytical rela-

tionship does not exist (Stribeck & Nöchel, 2009). Towards

this end, we have developed a suite of simulation tools that

will help GIWAXS users to estimate uncertainties and

necessary corrections involved in a given measurement,

described in Sections 3, 4, 5 and 6. We have also developed a

toolset for estimating the molecular packing, described in

Sections 7 and 8. Each standalone tool runs in MATLAB and

consists of a graphical user interface (GUI) with straightfor-

ward user inputs. The outputs are designed to answer user

questions intuitively with a short learning curve. The software

package is currently designed to import images that have been

converted to Qxy–Qz space with all relevant corrections

applied, as explained below.

Our first tool, described in Section 3, is a standalone

complex refractive index calculator. The refractive index of a

material is an important parameter used in other calculations.

Section 4 describes a tool for calculating relative changes to

scattering intensity arising from differences in sample

geometry or setup geometry. This tool considers two factors:

the lateral beam footprint (or beam projection, taking into

account spillover) on the sample and the penetration of an

X-ray beam into a thin film. The X-ray penetration is esti-

mated using the Parratt formalism (Parratt, 1954; Dev et al.,

2000). Together, these effects give rise to an effective scat-

tering volume which can be used to normalize data from

samples with varying incident angles, sample dimensions and/

or composition. Due to the non-constant spatial intensity

distribution in the incident beam, we calculate the fraction of

the beam intensity that is incident on the sample rather than

the irradiated area. To avoid confusion, we refer to the

effective scattering volume as a ‘normalization factor’.

The tool in Section 4 can also calculate uncertainties/

confidence intervals in the normalization factors given

uncertainties in setup geometry. Publications often report

GIWAXS results with approximate normalization (e.g.

dividing by film thickness) and without uncertainties due to

the complexity of this calculation. Our software will help users

understand and confidently interpret their GIWAXS results,

making this method more attractive. Section 5 provides an

example calculation of the normalization factor and uncer-

tainties for a hypothetical sample set using the tool introduced

in Section 4.

The next tool, described in Section 6, calculates the effect of

refraction on the observed location of scattering peaks for thin

films. The corresponding peak shift has been previously

calculated for the out-of-plane scattering direction (Toney &

Brennan, 1989) and for peaks in the small-angle regime

(Busch et al., 2011). Here, we extend and apply these calcu-

lations to off-axis peaks in the wide-angle regime. We also

evaluate the position of an additional peak which arises due to

reflection off the substrate. This effect was previously exam-

ined for a thin film of 2,20:60,200-ternaphthalene by Resel et al.

(2016); we compare our results with those of Resel et al. (2016)

in Appendix B. In cases where two or more similarly posi-

tioned peaks are visible, our tool can help distinguish whether

these arise from reflection effects or from scattering of

multiple polymorphs.

Section 7 presents a set of tools which allows for peak

position extraction and unit-cell calculation in a user-friendly

way. Other software packages exist to index GIWAXS

patterns, but these can be non-intuitive and difficult to apply

to less well ordered materials such as organics. For example,

GSAS (Toby & Dreele, 2013; Giri et al., 2011) fits diffraction

peaks to an arbitrary crystal structure symmetry, but the

indexing is limited to powder diffraction and thus does not

provide any information about orientation. Furthermore, due

to the often textured nature of thin films, an integrated I(Q)

distribution from a GIWAXS pattern may have different peak

intensities compared with a true powder pattern. Another

software package is GIXSGUI (Jiang, 2015), which allows

visualization of the diffraction pattern from a crystal structure

overlaid with the data, but requires the user to input unit-cell

parameters. This may be possible for structures close to cubic

or when the structure can be accurately guessed from simu-

lation, but this is not the case for many organic materials.

Similarly, SimDiffraction (Breiby et al., 2008) simulates a

grazing-incidence diffraction pattern from a molecule and

crystal structure with relative peak intensities, but the user is

required to have prior knowledge of the molecular packing.

On the other hand, the Diffraction Pattern Calculator (DPC)

toolkit (Hailey et al., 2014) performs an elegant calculation of

crystal structure given a GIWAXS pattern without user-

specified parameters. The major drawback of the DPC toolkit

is that it requires well defined scattering peaks from a single-

crystal structure without large background signal. In contrast,

some materials such as organic photovoltaic (OPV) films may

exhibit a large amorphous halo, contain multiple polymorphs

or contain a blend of multiple materials with overlapping scat-

tering. For example, the small molecules analyzed in Section 8

crystallize poorly unless blended with [6,6]-phenyl-C71-butyric
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acid methyl ester (PC71BM), and one of

the small molecules is demonstrated to

form at least two polymorphs.

Our indexing toolset does not

assume prior knowledge of material

packing. As described in Section 7, the

tool can import patterns generated by

wxdiff (.tif format) (Mannsfeld et al.,

2011) or WAXStools (.bin format)

(Oosterhout et al., 2017), and the peak

fitting routine works with the user to

isolate peaks from the background.

Suggestions for adapting the tool to

other image formats are given in the

user guide; however, it is assumed that

all necessary corrections from the raw

detector image to Qxy–Qz space have

already been applied, as described below. The user can also

choose to import a list of peak positions rather than a

GIWAXS pattern, which makes it possible to separate peaks

from different polymorphs. In Section 8, we walk through the

usage of the toolset described in Section 7 for a set of two

small molecules previously studied for OPVs.

It must be noted that several corrections to the recorded

pixel intensities must be applied when 2D detectors are

utilized. These include inter alia polarization correction and

solid-angle correction. For a detailed discussion we refer the

reader to the work of Skinner et al. (2012). In addition, and

specific for GIWAXS, each pixel is typically re-meshed onto

an equal-spacing 2D grid where each pixel has an in-plane

scattering vector component Qxy and an out-of-plane scat-

tering vector component Qz. This is in contrast to traditional

transmission powder diffraction where only the magnitude of

the scattering vector [Q ¼ ðQ2
xy þQ2

zÞ
1=2] is of interest. The

Qxy–Qz map allows for in-depth analysis of film properties

referenced to the substrate orientation (e.g. edge-on versus

face-on orientation of polymers). Several software packages

(Jiang, 2015; Dane et al., 2020; Mannsfeld et al., 2011;

Oosterhout et al., 2017) already exist for this purpose, which is

why our software uses the Qxy–Qz arrays as the starting point

for subsequent analysis. We point out that the relevance for

the importance of these corrections depends on the details of

each experiment and experimental setup. A general rule of

thumb is that most corrections become more significant with

increased scattering angles (Skinner et al., 2012).

The software discussed in this article is freely available for

download from https://www-ssrl.slac.stanford.edu/toneygroup.

The software is open source and contains extensive

commenting. We include a user guide with detailed instruc-

tions for usage and tips for customizing the calculations.

2. Suggested workflow

The GIWAXS-SIIRkit is designed as a collection of tools that

can be used together or separately, depending on the scientific

question of a particular experiment. We show a proposed

workflow for how the tools can be used in conjunction in Fig. 1.

First, the complex refractive index is found from the chemical

structure and density; this is used in several other tools. Next,

the peak intensities and positions are extracted from the Qxy–

Qz scattering pattern. The peak intensities can be used as

estimates of the degree of crystallinity, but first the scattering

intensity tool is used to calculate the appropriate normal-

ization factor and uncertainties. The peak positions are

corrected for refraction, and then they can be used to either

estimate d spacings directly or to calculate a crystal structure.

3. Calculation of the complex refractive index

Several of the scattering effects discussed throughout this

article depend on the complex refractive index of the film and

the substrate, n ¼ 1� �þ i�. Here, we use the convention of

the z coordinate becoming more negative deeper into the

substrate. The complex refractive index (Watts, 2014;

Attwood, 1999) far from resonance energies can be calculated

using

� ¼
NAre�

2

2�

�

MW

f molecule
1 ’

NAre�
2

2�

�Z

A
;

� ¼
NAre�

2

2�

�

MW

f molecule
2 ¼

��

4�
;

ð1Þ

where NA is Avogadro’s number, MW is the molecular weight,

� is the attenuation coefficient, re is the classical electron

radius, f 1;2 are components of the complex scattering factor for

the forward direction, given as f 1 þ if 2, Z is the average

atomic number, � is the X-ray wavelength, A is the average

atomic weight and � is the mass density.

Since the complex refractive index is useful for a variety of

calculations, we present a simple tool to calculate refractive

indices for convenience. Our calculator is similar to the one

available online from the Center for X-Ray Optics (CXRO):

we sum atomic scattering factors retrieved from their web site

(Henke et al., 1993) to approximate molecular scattering

factors. Both � and � are proportional to �, so an accurate

measurement of � is necessary for optimal accuracy. In organic

materials, � can depend on processing conditions, so a

computer programs
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measurement of the sample used in experiments rather than a

table lookup is preferable. Our tool can also use �, Z and A to

calculate � and approximate � if desired. In addition, our

version supports parenthesis grouping (more on this below),

which can make it easier to calculate the refractive index for a

blend of materials.

The interface for this tool is shown in Fig. 2 for the widely

used polymer PTB7 (C41H53FO4S4). The atomic composition

should be written in the form ‘Xx1Yy2Z3 . . . ’, where Xx, Yy,

Z are atomic identifiers consistent with the periodic table and

1, 2, 3 are the quantities of respective atoms (these can be

decimal numbers, e.g. 1.23). Use of parenthesis grouping is

also supported, including nested parentheses. For example,

(CH2)3 is the same as C3H6 and ((CH2)3 CH3)2 is the same

as C8H18. Spaces, commas and other symbols can be added to

improve legibility; these are ignored in the calculation. In

Fig. 2(a), we show the exact result using atomic composition,

while Fig. 2(b) shows the � value estimated from Z and A.

Table S1 (in the supporting information) gives the results for

some materials typically used in OPVs for 12.7 keV X-rays.

For typical materials without higher atomic number elements

(e.g. zinc in ZnPC), the attenuation coefficient � is on the

order of 1–10 cm�1, � = (0.5–7) � 10�9, � = (1.4–2.2) � 10�6

and the � approximation is accurate to within 0.4%. Our

calculator also displays the critical angle which is ð2�Þ1=2 rad.

Calculating the refractive index close to resonance requires

a more robust approach involving a measurement of the

absorption spectrum. This process is described by Savikhin &

Toney (2019).

4. Calculation of normalization factors and
uncertainties in scattering intensity

GIWAXS is an essential measurement for comparing the

degree of crystallinity between samples, which is especially

important for calculating the amount of mixed phase in

organic blends (Oosterhout et al., 2017; Savikhin, Babics et al.,

2018). Direct comparison of the scattering intensity from

several samples requires accurate normalization and uncer-

tainty analysis. In this section, we present a tool for calculating

the normalization factors for a sample set along with uncer-

tainties. By using our software prior to a measurement, users

can determine the setup that will yield the most accurate

results and the highest scattering intensity (via optimal choice

of sample dimensions, incident angle etc.). After data collec-

tion, our tool can help determine normalization factors and

uncertainties.

In addition to the degree of crystallinity, the scattering

intensity arising from a given sample depends on the incoming

beam intensity, the fraction of the beam that lands on the

sample (versus spilling over the edges), the effective scattering

volume and the exposure time. Therefore, obtaining a number

representing the degree of crystallinity requires normalizing

the measured data by these factors. Geometric considerations

will determine the beam footprint Ffootprint. Optical properties

of the materials will determine the propagation of the incident

beam into the film: specifically, we look at the integrated

electric field across the thickness of the film,
R T

0 jEðzÞj
2 dz

(where T is thickness), to estimate scattering volume. Alto-

gether, in order to accurately compare GIWAXS results from

different samples, measured intensities need to be normalized

(i.e. divided) by a normalization factor N, which is given by

N ¼ I0 F footprint

RT
0

E zð Þ
�� ��2 dz

� �
t: ð2Þ

Here I0 is a measurement representing the incoming beam

intensity, which is usually given in arbitrary units such as

detector counts, and t is exposure time. F footprint depends on the

incident angle, sample and beam dimensions, and sample

position. The electric field in the film depends on incident

angle, beam energy, beam divergence, sample density, sample

and substrate refractive indices, and sample thickness. More

details on the calculation of Ffootprint and
R T

0 jEðzÞj
2 dz are

given in Sections 4.1 and 4.2, respectively. While normalizing

by beam intensity and time is straightforward, the footprint

and electric field correction can affect the normalization in a

nonlinear and non-intuitive fashion. Thus, the first purpose of

our scattering intensity tool is to provide an analysis of how

these two quantities change with the measurement setup and,

in particular, what their contribution to the normalization will

be for a set of samples. The sample dimensions, thicknesses

and compositions are especially likely to vary within a set of

samples. For this purpose, we define a normalization factor

Nfactor ¼ Ffootprint

R T

0 jEðzÞj
2 dz (here, N ¼ Nfactor I0 t).

A screenshot of the scattering intensity analysis tool inter-

face is shown in Fig. 3(a) and some of the variable definitions

are shown in Fig. 3(b). The X-axis and Y-axis dropdown

menus specify the output mode:

(i) Both axes assigned to variables: Nfactor will be shown as a

2D image, where the image color scale corresponds to the

magnitude of Nfactor and the axes are as specified.

(ii) Only X axis assigned to a variable (Y axis set to ‘none’):

Nfactor will be shown as a 1D plot, where the Y axis corre-

sponds to the magnitude of Nfactor.

(iii) Both axes set to ‘none’: initializes the uncertainty

calculation mode.

Each variable has an input box for the nominal value. The

variable(s) that are chosen as an X or Y axis also have a� box

enabled, which specifies the range of interest. For example, an

computer programs
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Figure 2
Complex refractive index calculator MATLAB interface, using the
polymer PTB7 as an example. (a) Result of calculation using the exact
chemical formula; (b) exact � and approximate � result given the average
atomic number, mass and attenuation coefficient of PTB7.



incident angle �0 of 0.12 � 0.005� [as shown in Fig. 3(a)] will

display Nfactor calculated for �0 ranging from 0.115 to 0.125�.

The spatial beam shape is selected from a dropdown menu

(for details refer to Section 4.1). The refractive index of the

substrate can be entered manually, or the ‘Select substrate’

dropdown menu automatically fills in the substrate � and �
calculated for a selection of common substrates at an incident

energy of 12.7 keV (as shown in Table S1). The purpose of the

‘Enter sample list . . . ’ button will be discussed in Section 5.

If sample density is one of the variables, it is assumed that

the nominal sample � and � correspond to the nominal density

value given, and they are adjusted to follow changes in sample

density (e.g. �new = �nominal�new/�nominal). On the other hand, it

is assumed that the variation in incident beam energy in

typical experimental conditions is too small to have a signifi-

cant effect on the refractive index. For example, changing the

energy from 12.71 to 12.72 keV changes � and � by only 0.3

and 0.2%, respectively, for PTB7. � and � can be calculated

using the refractive index calculator as discussed in the

previous section (see Fig. 2).

The first purpose of our scattering tool is to demonstrate

how scattering intensity depends on the experimental setup.

The second purpose is to determine the uncertainty in the

normalization factor given uncertainties in each of the

experimental variables. Usually, the uncertainty in each vari-

able can be approximated from instrumental specifications

(such as profilometer accuracy) or from value ranges observed

in the literature (such as sample density range). Some

considerations of the source of uncertainties for each variable

are given in Table S2. Quantifying the propagation of indivi-

dual uncertainties to an overall uncertainty in scattering

intensity is not straightforward.

Our tool uses a Monte Carlo method to calculate expected

overall uncertainties given uncertainties in up to five variables

(Bevington & Robinson, 2003; Koehler et al., 2009). The

simulation is launched from the interface shown in Fig. 3 by

selecting ‘none’ for both the X and Y axes. For this method,

random numbers are generated for incident angle, sample

position, sample length, density and thickness, following a

Gaussian distribution. Each Gaussian distribution will be

centered on the nominal value for the variable and have a

standard deviation (std.dev.) set by the � box. The resultant

scattering intensities are recorded in an array. The uncertainty

is calculated from the set of scattering intensities using the

formula

UncertaintyðMÞ ¼

PM
i¼1 Ii � I
� �2

M � 1

" #1=2

100%

I

� �

¼ std:dev: Ið Þ
100%

I

� �
; ð3Þ

where Ii is the calculated scattering intensity for a single

simulation, I is the average intensity value over the set of

simulations (the expected value) and M is the number of

simulations. The uncertainty is calculated with respect to the

average value in order to make it easily applicable to an

arbitrary experimental intensity value. Monte Carlo simula-

tions are added until the uncertainty value converges (Janssen,

2013). Convergence is determined when the slope and stan-

dard deviation of the last 1000 uncertainty measurements are

less than 0.0001 and 0.01%, respectively. In other words,

convergence is reached when adding more simulations does

not change the measured uncertainty systematically (slope) or

randomly (standard deviation). Final uncertainties are taken

as the average value of the last 1000 uncertainty measure-

ments to minimize the effects of ‘outlier’ simulations. The user

is prompted to enter a cut-off time limit, in seconds, to avoid

excessive computation time.

4.1. Calculation of Ffootprint

In this section, we discuss the effect of changing beam

footprint on scattering intensity. We use a straightforward

simulation to calculate the beam footprint on the sample given

the sample size and position, beam size and shape, and inci-

dent angle. The beam cross section is assumed to be oval-

shaped and several beam intensity profile estimations are

available: elliptical (Gaussian edges), elliptical (Lorentzian)

and elliptical (sharp edges), and rectangular (sharp edges).

Both horizontal and vertical beam FWHM can be defined in

the GUI. Instructions for inserting a custom beam shape and

profile are available in the user guide. The beam is projected

onto a substrate with a given size and integrated within the

sample region to give F footprint, the fraction of the beam that

computer programs
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Figure 3
(a) User interface for intensity uncertainty calculation. The dropdown
menus for X axis and Y axis both include entries for ‘none’, ‘incident
angle’, ‘horizontal beam width’, ‘vertical beam width’, ‘beam energy’,
‘sample position’, ‘sample length’, ‘sample width’, ‘sample density’ and
‘sample thickness’. The dropdown menu for beam shape includes
‘Gaussian’, ‘Lorentzian’ and ‘Rectangular’. (b) Illustration showing
variable definitions: the sample is shown in blue (substrate and film) and
the sample stage is gray.



hits the sample. A few examples of beam footprints with

various options selected are illustrated in Fig. 4: an elliptical

(Gaussian edges) beam is shown in Fig. 4(a); an elliptical (hard

edges) beam is shown in Fig. 4(b); and a rectangular (hard

edges) beam is shown in Fig. 4(c). Fig. 4(d) shows the effect of

introducing a sample position offset with an elliptical (Gaus-

sian edges) beam.

When the sample is very large and/or the incident angle is

large such as in Figs. 4(a) and 4(b), most of the beam will hit

the sample and the fraction of the beam that is incident on the

sample will be constant with changing parameters. However,

at grazing angles, the beam will spread along the sample such

that the beam spills over the sample surface, as in Fig. 4(c). In

this example, the incident intensity will depend on sample

length. In addition, the position of the sample relative to the

beam center becomes important for certain configurations, as

shown in Fig. 4(d). When the sample is aligned by hand it can

be difficult to have a high degree of consistency in this vari-

able, and the sample position may hence contribute to inten-

sity uncertainty.

4.2. Calculation of
R
T

0
|E(z)|2dz

Next, we discuss the intensity of the beam within the sample

(specifically within a thin film), which can be used to estimate

the effective scattering volume. At grazing incidence, the

electric field within the film has a large dependence on the

incident beam angle (Chabinyc, 2010; Klockenkàmper et al.,

1992; Müller-Buschbaum, 2014). The derivation of the electric

field within a thin film, assuming negligible roughness and

sharp interfaces, is shown in Appendix A. The electric field is

calculated using the recursive Parratt formalism for a single

layer on a substrate (Parratt, 1954; Boer, 1991; Dev et al.,

2000). The calculation ignores the possibility of multiple

diffraction events (Vineyard, 1982; Stepanov et al., 1998). The

result, which is also derived in the work of Factor (1991) and

Factor et al. (1993), is

EðzÞ
�� ��2¼ 1þ r01ð Þ

expðik1zÞ þ r12 exp½ik1ð2T � zÞ�

1þ r01r12 expði2k1TÞ

����
����

2

;

with

r01 ¼
k0 � k1

k0 þ k1

and r12 ¼
k1 � k2

k1 þ k2

; ð4Þ

where r01 and r12 are the fractional Fresnel reflection coeffi-

cients at the top interface and at the film–substrate interface,

respectively. The derivation of the expressions for r01 and r12

can for example be found in the work of Borne & Wolfe (1985)

and Als-Nielsen & McMorrow (2011). k0, k1 and k2 are the

vertical components of the X-ray wavevectors incident on the

film, inside the film and inside the substrate, respectively. The

incident wavevector is k0 ¼ k sin �0 ’ k�0 for GIWAXS,

where k ¼ !=c ¼ 2�=� and �0 is the incident angle. This

calculation was performed for horizontally or s-polarized

X-rays (see Daillant & Gibaud, 2009).

An expression for the wavevectors inside a stratified sample

has been derived previously (Parratt, 1954; Factor, 1991;

Borne & Wolfe, 1985; Als-Nielsen & McMorrow, 2011). We

have included a derivation in Appendix A for convenience

(this assumes that the refractive index of the top medium,

vacuum or inert gas, is unity). The wavevector for the mth

layer is

km ¼ km;Re þ ikm;Im;

k2
m;Re ¼

1

2
k2

0 � 2k2�m

� �2
þ 4k4�

2

m

h i1=2

�2k2�m þ k2
0

	 

;

k2
m;Im ¼

1

2
k2

0 � 2k2�m

� �2
þ 4k4�2

m

h i1=2

þ2k2�m � k2
0

	 

;

ð5Þ

where � and � are the real and imaginary components,

respectively, of the refractive index (n = 1 � � + i�). The

subscript m refers to the layer number with 1 = film and 2 =

substrate.

Note that this calculation is carried out for the simplest case

of a thin film, i.e. a single slab of constant electron density

between the substrate and vacuum with ideally sharp inter-

faces with the substrate and vacuum (step function). This may

be a significant limitation for some films. However, the electric

field within more complex systems can also be calculated and

we refer the reader to the literature (Stepanov et al., 1998;

Gann et al., 2018).

Some results of the calculation of the dependence of the

electric field on incident angle are shown in Fig. 5 and Fig. 16

in Appendix A. Interference of the incoming [expðik1zÞ] and

reflected [expð�ik1zÞ] beams results in oscillations in
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Figure 5
Integrated electric field for a 100 nm-thick PTB7 film on silicon as a
function of incident angle, with and without convolution by a Gaussian
divergence with FWHM as indicated.

Figure 4
Examples of footprints of the beam on a 20� 5 mm substrate with varied
beam types and geometries. (a) 150 � 50 mm (horizontal � vertical)
elliptical (Gaussian) beam with an incident angle of 0.30� and sample
position of 0 (centered). (b) 500 � 50 mm elliptical (hard edges) beam,
same conditions as (a). (c) 500 � 50 mm rectangular (hard edges) beam,
same conditions as (a). (d) 150 � 50 mm elliptical (Gaussian) beam with
an incident angle of 0.18� and a sample position of 5 mm.



R T

0 jEðzÞj
2 dz versus incident angle. The slope of the integrated

field plot in Fig. 5 can be very high near the oscillations, which

means that a small error in incident angle alignment can result

in a very large change in scattering intensity.

Notably, this calculation assumes an ideal incident beam

with no divergence. In practice, X-ray sources have some

beam divergence, which manifests as a spread in incident

angles around the nominal angle. Accordingly, the effect of

divergence must be added to the calculation of integrated

electric field versus incident angle. In our program, we

approximate the beam divergence as a Gaussian with FWHM

corresponding to divergence angle and convolve this with the

intensity versus angle curve (Fiorito et al., 2006). This effect is

demonstrated in Fig. 5 with a divergence angle of 0.014�, which

is typical for Stanford Synchrotron Radiation Lightsource

beamline 11-3 (Rabedeau, 2006; Johnson, 2012), and also with

a divergence angle of 0.007�. The convolution makes the

oscillations in the
R T

0 jEj
2 dz versus incident angle curve less

dramatic and therefore more forgiving towards incident angle

misalignment; we note that the divergence also affects the

preciseness achievable upon depth profiling a film via varia-

tion of incidence angles close to the critical angle.

Below the critical angle, the beam only penetrates the top

�5–10 nm of film [as shown in Fig. 16(a)], rendering scattering

at these low angles surface sensitive. The effective scattering

volume is small and long exposure times may be needed.

Above the critical angle, the penetration depth quickly rises to

over 10 mm, which is well above the typical thickness of

organic thin films. Thus, scattering at angles above the critical

angle is bulk sensitive. The shape of the GIWAXS scattering

intensity versus incident angle curve can be indicative of

vertical segregation of scattering components of the film. This

effect has been previously explored (Gann et al., 2018; Jiang et

al., 2011; Renaud et al., 2009). We include instructions to

change the integration limits of
R
jEðzÞj2 dz (assuming that the

film has a uniform density and refractive index) in the user

guide: for example, the electric field intensity in only the top

5 nm can be examined. This approximates the results reported

by Gann et al. (2018), but more in-depth stratification analysis

requires a full implementation of the Parratt formalism

(Parratt, 1954; Dev et al., 2000) and is beyond the scope of our

toolbox.

In cases where only a qualitative comparison of scattering

pattern is required (e.g. peak position determination and not

peak intensity), and under the condition that the scattering

intensity is low (as with polymers), the primary purpose of

tuning the incidence angle is to maximize the scattering

intensity. For this purpose, the best practice is to tune the

incident angle to the film critical angle, which can result in a

scattering intensity enhancement of 4� compared with higher

angles. This is in contrast to cases where a quantitative

comparison between scattering patterns of different samples is

desired, where the incident angle should be tuned to be larger

than the critical angle. Organic materials typically have critical

angles of around 0.1� at incident energies near 12.7 keV [see

Table S1: critical angle = ð2�Þ1=2 rad]. Due to the abrupt

changes in scattering intensity for angles close to the critical

angle, a small error in incident angle alignment can have a very

large effect on scattering intensity. From Fig. 5, an angular

uncertainty between 0.10 and 0.11� (a change of just �0.005�)

can lead to a�90% uncertainty in intensity with an ideal beam

or �21% for a beam with a 0.014� angular divergence. Thus,

quantitative intensity comparisons, such as calculation of

relative degree of crystallinity, require a higher incident angle

where the intensity is more stable with change in angle.

5. Usage example for scattering intensity normalization

To demonstrate our scattering intensity tool, we present a

calculation of a hypothetical sample set. We define our set to

contain five samples which are all composed of neat PTB7

(C41H53FO4S4) films on silicon substrates. We assume

measured thicknesses of (80, 80, 100, 120, 120) � 5 nm and

sample lengths of (15, 20, 20, 20, 25) � 1 mm, respectively. For

all samples, we assume a density of 1.12 � 0.1 g cm�3, an

incident angle of 0.140 � 0.005�, a 150 � 50 mm beam with an

energy of 12.7 keV, and a 0.014� beam divergence. Our goal is

to correctly normalize and calculate uncertainties for this

hypothetical data set. We assume that the exposure time and

the incoming beam intensity I0 are equal for all five samples.

The first step is to find normalization factors for the

samples. We can get a general idea of how the normalization

factor changes within this sample set by generating an

F footprint

R T

0 jEðzÞj
2 dz intensity image with axes of thickness

and length, as shown in Fig. 6(a). The result in Fig. 6(b) shows

nonlinearity of the normalization factor with both variables,

showing the importance of a robust normalization strategy

over a simple sample dimension normalization.

We can take normalization factor values directly from the

image for each of the five samples, but this can become time

consuming when there are many samples or more than two
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Figure 6
(a) Setup to examine change in scattering intensity for a sample set with
length and thickness variation. (b) Result of (a): how the normalization
factor changes with changing sample length and thickness. (c) Normal-
ization factors calculated for a sample set within the parameters set in (a).



variables that change between samples. For this reason we

include an additional tool that calculates the normalization

factor for specific samples rather than for a range of values.

This can be accessed via the ‘Enter sample list . . . ’ button

shown in Fig. 6(a).

The sample list tool interface is shown in Fig. 6(c). It

consists of a table where each column represents a single

sample and the first seven rows provide input variables for

each sample. Parameters related to beam dimensions (hori-

zontal/vertical FWHM, divergence and beam shape) and

sample offset are assumed to be constant for the sample set

and are taken from the main GUI. Once the variables are

entered, the ‘Go!’ button calculates the normalization factors

and reports them in row 9. It also gives a rescaled set of

normalization factors in row 10 that are scaled to have a

median value of 1 (this will change between sample sets).

These rescaled normalization factors can be used to avoid

drastic changes to overall intensity which could require

modifying existing data processing methods (for example,

changing the limits of peak fitting).

Next we consider the uncertainty in the normalization

factors for the films in this set [lengths and thicknesses shown

in Fig. 6(c)], starting with the film with nominal thickness

100 nm and substrate length 20 mm. The sources of uncer-

tainty are all sample dependent, and include incident angle

(�0.005�), sample position (�3 mm), sample length (�1 mm),

density (�0.1 g cm�3) and thickness (�5 nm). The setup for

launching a Monte Carlo error propagation calculation for this

sample is shown in Fig. S1(a), and the calculated convergence

in uncertainty and spread in intensities are shown in Figs. S1(b)

and S1(c). The simulation shown here reached convergence

with 7310 iterations (i.e. 7310 simulated samples). The histo-

gram of normalization factor intensities had a standard

deviation of 17.4%. Repeating this calculation for all five

samples gives standard deviation uncertainties of (19.2, 18.9,

17.4, 17.4, 17.3)%. Due to the random nature of Monte Carlo

simulations, there may be slight differences in converged

uncertainties between consecutive calculations (Koehler et al.,

2009). For this sample set, we have observed this difference to

be on the order of 0.4% (e.g. between 19.1 and 19.5%). The

number of iterations required for convergence was between

7300 and 11 200.

To illustrate the importance of taking a normalization factor

into account, we provide a hypothetical experiment, as shown

in Fig. 7. The hypothetical scattering data, shown as red

crosses, vary across the sample set: samples 2, 4 and 5 have

approximately the same measured intensity, sample 3 is

slightly lower, and sample 1 is even lower. Once the data are

normalized (blue circles), however, we can see that the

differences between samples 1, 3, 4 and 5 are within the

uncertainty, while the intensity of sample 2 is significantly

higher. Thus, appropriate normalization changes the conclu-

sions drawn from this hypothetical sample set significantly.

6. Calculation of refractive shift and reflected peak
position

X-ray scattering peak positions are slightly shifted due to

refraction at the interface between the sample and the

atmosphere (Toney & Brennan, 1989). These effects change

the vertical angle of scattering, while leaving the horizontal

angle unchanged. Applying a correction to the observed

scattering pattern (peak positions) to account for refractive

shift is important to accurately retrieve d spacing and crystal

structure. It is especially important to consider refractive shift

when comparing films with different compositions, such as

blend ratio titrations: changes to average refractive index will

change the observed peak position even when d spacing is

constant (Savikhin, Babics et al., 2018). Here, we assess the

magnitude of this refractive effect in organic materials.

In this derivation and in our script we have assumed that the

Qxy–Qz map is based on the Qz center being at the direct beam

(as opposed to the horizon). This approximation ignores the

standing wavefield of Section 4.2 because this estimate is

widely used in the literature. We note that the relative changes

in peak positions (e.g. differences between red and blue curves

in Fig. 10) are not significantly affected by this approximation.

Research into accurate unwarping of scattering images is

ongoing (Liu & Yager, 2018).

The relationships between vectors and angles in a scattering

experiment are shown graphically in Fig. 8. The incident beam,

k0 (at an angle of �0), is refracted to k1 (at an angle of �1), as

shown in Fig. 8(a). Both k0 and k1 are in the X–Z plane (as

marked in Fig. 8). k1 is scattered to k1s, which has components

along X, Y and Z. The scattered beam can be expressed in

terms of a rotation angle in the X–Y plane (�1s,XY) and a

vertical angle (�1s,Z) [see Fig. 8(b)]. The scattered beam

refracts on exiting the film to become k0s, which has the same

in-plane angle �0s,XY = �1s,XY and a refracted vertical angle

(�0s,Z) [see Fig. 8(a)].

In previous work (Toney & Brennan, 1989), a grazing-

incidence out-of-plane measurement was considered in

establishing the magnitude of the refractive shift. Only scat-

tering in the X–Z plane (�1s,XY = 0) was measured in this

experiment. The exit angle in this type of experiment is usually

quite large, so refraction of the exit beam has a small effect

computer programs
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Figure 7
Hypothetical peak intensity data collected from the sample set in Fig. 6(c):
raw data (red crosses) and normalized intensity with calculated
uncertainty shown as error bars (blue).



and can be ignored (k0s ’ k1s). Thus, Toney & Brennan (1989)

obtained

�2� ¼ 2�0 � 2�1 ¼ �0s þ �0ð Þ � �1s þ �1ð Þ ’ �0 � �1

’ �0 �
1

21=2
�2

0 � 2�
� �2

þ 4�2
h i1=2

�2�þ �2
0

	 
1=2

; ð6Þ

where 2�0 is the observed scattering angle and 2�1 is twice the

Bragg angle (without refraction). This equation arises from

the expression for the real component of the wavevector given

in Section 4.2, using the reasonable assumption that the

imaginary component is negligible compared with the real

component (k1 ’ k1,Re).

A similar method can be used for 2D scattering. In this case,

the exit beam may have small vertical angles (at polar angles

close to the horizon), so the refraction of the exit beam can no

longer be ignored. Refraction only affects the vertical scat-

tering angle (the rotation angle is unchanged; �1s,XY = �0s,XY =

�s,XY). Thus, we must develop an expression to extract the

vertical exit angle �1s,Z from the scattering angle 2�1 and the

polar angle 	1 (defined such that tan	1 ¼ Qz=Qxy). This

involves a straightforward but nontrivial calculation. We show

this calculation, along with the full procedure for converting

Qxy and Qz to polar angle and d spacing (and vice versa), in

Appendix B. Another approach for finding this correction,

derived with a focus on small-angle X-ray scattering/small-

angle neutron scattering, can be found in the work of Busch et

al. (2011).

In addition to refractive shift, GIWAXS data of well

ordered organic materials may display a ‘double-peak’ effect,

especially in the out-of-plane direction, as shown by Resel et

al. (2016) and in Fig. 9(a). This additional peak is due to

reflection of the scattered beam off the substrate or scattering

of the reflected beam, as shown in Figs. 9(c) and 9(d). It can be

observed from Fig. 9(c) that the vertical exit angle of a beam

that enters the film, scatters and then reflects will be �1s,Z + 2�1

for incident angles greater than the critical angle. The beam

shown in Fig. 9(d), which passes through the film, reflects and

then scatters, will have the same exit angle of �1s,Z + 2�1. The

vertical component of the reflected peak will also be refracted

as it exits the film. The horizontal angle of the reflected peak is

the same as that of the scattered beam (�s,XY) because the

horizontal angle is unchanged with reflection. When

comparing peak intensities, it is most accurate to sum the

intensities of the first and second peak.

An additional peak or shoulder can also arise when two or

more similar d spacings are present in a material (Savikhin,

Jagadamma et al., 2018). Accordingly, it is imperative to

distinguish these two effects. The position and intensity of the

reflected peak change more dramatically with incident angle

than the position and intensity of directly scattered peaks. The

highest intensity of the reflected peak occurs when the inci-

dent angle is between the critical angle of the film and the

critical angle of the substrate. An example of an observed

reflected peak for a well ordered small molecule is shown in

Fig. 9(a). The film critical angle is calculated to be 0.10�. The

reflected peak overlaps with the main peak (which is at Qz ’

0.33 Å�1) at an incident angle of 0.11� but moves to higher Qz

computer programs
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Figure 8
Setup for calculating refractive shift as a function of 2�1 and 	1. (a) Side
view, showing the two refractive shifts: k0!k1 and k1s!k0s (angles have
been exaggerated for clarity), ignoring in-plane rotation (�s,XY). (b) 3D
view of scattering within the film, showing rotational and vertical
components of the scattering angle.

Figure 9
(a) Data demonstrating the double-peak effect for the small molecule
DR3TBDTT (Liang et al., 2018) with 12.7 keV incident energy, sample–
detector distance 250 mm, incident angle as indicated. (b) Simulation
results for the system in (a). The peak position corresponding to Bragg’s
law is shown as a cross; the observed peaks for various incident angles are
shown as open circles and dots. Each color corresponds to a different
incident angle as marked. (c) Ray tracing of the reflected peak effect with
a beam that is first scattered and then reflected. (d) Reflected peak effect
when the direct beam is reflected and then scattered.



as the incident angle is increased, becoming especially

prominent at 0.13 and 0.14�. The intensity of the reflection

peak falls off at incident angles above 0.13�, and by an incident

angle of 0.15� this peak is barely visible. Another example

showing the movement of a reflected peak with incident angle

is reported by Resel et al. (2016).

We have written a MATLAB script that performs both the

refractive shift and the reflected peak calculations for a user,

given the interface shown in Fig. 10(a). The user is first

required to enter the beam energy, incident angle, and � and �
values, which may be calculated using the refractive index tool

described in Section 3. The GUI toggles between starting with

experimentally observed (Qxy, Qz) positions and calculating

(	1, 2�1, d spacing) (the procedure described above) or

starting with (	1, d spacing) and calculating (Qxy, Qz) (the

reverse procedure). The user can enter values manually or

import (Qxy, Qz) positions from a file, such as the peak posi-

tion file generated by our peak finder tool (see Section 7). For

convenience, if the user leaves any input cells blank, they will

be filled in by duplicating the values in the previous row. Once

all the desired peaks are specified, the ‘Go!’ button launches

the calculation to fill in the table.

In addition to the table, a Qxy–Qz pattern with the

‘measured’ and ‘Bragg’s law’ peak positions is displayed

[Fig. 9(b)]. The ‘measured’ positions refer to what is experi-

mentally observed (for both the directly scattering and

reflected peaks) while the ‘Bragg’s law’ position is corrected

for refraction. We used our tool to predict the positions of the

measured peaks for the film in Fig. 9(a). Our results, shown in

Fig. 9(b), are consistent with the experimentally observed

peak positions. We also used a similar procedure to predict the

peak positions observed by Resel et al. (2016) and found good

consistency, as shown in Appendix B.

Some results of the calculation are shown in Figs. 10(b) and

10(c) for neat PTB7. Increasing the d spacing does not

significantly change the magnitude of �Q for either refraction

or reflection. In this example, for both d = 30 Å [Fig. 10(b)]

and d = 4 Å [Fig. 10(c)], refraction changes the measured out-

of-plane Q position of the directly scattered peak by 0.006 Å�1

relative to the Bragg’s law position. The separation between

the directly scattered and reflected peaks is 0.014 Å�1 for both

d spacings. Therefore the refractive shift has a smaller frac-

tional effect on measured d spacing at higher Q. Meanwhile,

the magnitude of the refractive shift decreases at higher

incident angles.

The angular (or Q) resolution in most GIWAXS experi-

ments is limited by the footprint projected onto the detector at

a given scattering angle (as shown in Section 4.2), leading to

geometric broadening of all features (Smilgies, 2009). For a

rectangular beam this corresponds to Bgeo ¼ ðw tan 2�Þ=L,

where Bgeo is the broadening factor, L is the sample-to-

detector distance, w is the footprint and 2� is the Bragg scat-

tering angle. In practice, one can limit this effect by using

smaller samples (effectively reducing the footprint to the

sample size), higher X-ray energies (yielding smaller 2�) or

Soller collimators (Als-Nielsen et al., 1994). For mathematical

peak shape analysis, or peak splitting analysis, the intrinsic

peak profiles then need to be convoluted with the experi-

mental resolution function (Steinrück et al., 2014), which also

includes energy bandwidth and beam divergence (Smilgies,

2009) (often negligible in GIWAXS due to geometric broad-

ening).

7. Indexing software

Small-molecule-based films tend to scatter more distinctly

than polymers, since they are often better ordered, sometimes

generating scattering patterns with many well resolved peaks.

By indexing each diffraction peak, it becomes possible to

establish a real-space unit cell and to start comparing differ-

ences in molecular packing between films

(Servet et al., 1993; Akimichi et al., 1993;

Sherman et al., 2015; Mannsfeld et al., 2011).

This process can be greatly aided by prior

knowledge of expected packing distances

from previous literature or simulation (Nabok

et al., 2007). The orientation of the molecule

within the unit cell can be calculated from the

relative intensities of the scattering peaks,

which are governed by the molecular struc-

ture factor along with several correction terms

(Mannsfeld et al., 2011). For organic materials

it can be difficult to measure peak intensities

with a high degree of accuracy due to the

small scattering signal, broad peaks due to

disorder and overlap with scattering from

other sources (especially in blend films). It is

sometimes possible to prepare a single crystal

of an organic small molecule which will alle-

viate these problems (Chang et al., 2012; Kim,

Liu et al., 2012). However, not all materials

can be coaxed into a highly crystalline form,
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Figure 10
(a) Example usage of the refractive shift calculator tool, set up to calculate measured
positions of seven peaks at a d spacing of 20 Å and various polar angles. (b) Results of the
refractive shift calculation for PTB7 if d = 30 Å and incident angle = 0.12�. (c) Results for d =
4 Å and incident angle = 0.12�. A polar angle of 0� represents in-plane scattering (along Qxy),
while a polar angle of 90� represents out-of-plane scattering (along Qz).



and single crystals must be produced using different proces-

sing than that used for thin films which may favor a different

polymorph (Sherman et al., 2015; Fritz et al., 2004). Therefore,

we developed a software package to find a unit cell from a

GIWAXS pattern with constraints designed specifically to

cater to small-molecule thin films that gives insight into the

molecular packing. We require some user-specified restrictions

in order to minimize computational time and to select a unit

cell where the primary lattice directions are more likely to

correspond to molecular dimensions (i.e. the �–� stacking

spacing). This assumes a lamellar-type packing structure in

which the unit cell corresponds to a single molecule. The

software may be applied to obtain larger unit cells, such as

those seen with a herringbone configuration (Sherman et al.,

2015), but this alone will not show how molecules pack within

the unit cell.

Thus, our goal is to obtain a unit cell in which the primary

crystallographic directions align with the dimensions of the

small molecule, with an assumption of lamellar packing. This

unit cell will give us information on the intermolecular

distances, which determine the ease of charge hopping and

Förster energy transfer (Olivier et al., 2006; Kippelen &

Brédas, 2009). We can also extract slip-stacking (the offsets

labeled ‘s’ in Fig. 14 below), which has been shown to affect

triplet–triplet interactions in an oscillatory fashion: small

changes in slip-stack distance can dramatically change the

triplet–triplet coupling (Hartzler et al., 2018). There is

evidence that the use of triplets may improve OPV efficiency

due to their longer lifetime (Köhler & Bässler, 2009), and even

enable solar cell devices with internal quantum efficiencies

approaching 200% utilizing singlet–triplet exciton fission

(Congreve et al., 2013). Finally, the thin-film structures

obtained from GIWAXS can be compared with single-crystal

counterparts (if available) using a software package such as

DPC (Hailey et al., 2014) or SUNBIM (Siliqi et al., 2016).

Small molecules and polymers in a lamellar packing struc-

ture have been widely observed to have periodicity along the

alkyl side-chain direction (repeat length in the range of 10–

30 Å, depending on molecular structure), the �–� stacking

direction (3.5–4.0 Å) and the direction along the backbone

(Liu et al., 2013). Identifying which peaks correspond to the

primary molecular directions is not trivial, as peak intensity

depends on a variety of factors. However, it is reasonable to

assume that the alkyl and �–� stacking directions give rise to

the strongest scattering peaks because these directions have

the highest electron-density differential and the most

extended (coherent) periodicity. There may be a high elec-

tron-density differential in the direction along the backbone,

but backbone torsion may give rise to high disorder in this

direction which decreases peak intensity. In addition to

qualitative peak intensity, the position of a peak can give a

clue about its origin. It is often assumed that the primary axes

of the molecule (alkyl, �–� and backbone) are approximately

normal to each other, and the d spacings given by d ¼ 2�=Q

should be appropriate for the mol-

ecular dimensions.

The main interface of our tool is

shown in Fig. 11(a). The first function

(using the ‘Find peak positions’ button)

is utilized to accurately extract peak

positions from Qxy–Qz patterns. Our

custom peak-fitting script allows the

user to load an image file, outline each

peak location and fit each peak to a 2D

oval-shaped pseudo-Voigt function on

a planar background (following the

form C1 Qxy + C2 Qz + C3, where C1,2,3

are fitted constants). For additional

accuracy, peak positions may be

adjusted using the refraction tool

discussed in Section 6. The average

peak width and intensity are also

reported. These are not used in the

indexing process by default but can be

added as weighting factors following

the minor modification described in the

user guide. Alternatively, peak posi-

tions can be loaded from a text file

using the ‘Upload peak positions’

button.

Once peak positions are established,

‘Step 1’ of the fitting routine deter-

mines preliminary (hk) indices for each

peak’s Qxy position. The interface for
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Figure 11
A selection of screenshots of interfaces used for indexing SM1. Additional screenshots are given in
the user guide along with a step-by-step procedure. (a) Main interface for the peak indexing toolkit.
(b) The interface for ‘Step 1’ of fitting, populated with fit results. The table has columns of Qxy, h, k,
Predicted Qxy, Error (�Qxy), and a single row with a	jj, b	jj and 
	jj. This GUI is similar in format to the
GUI for ‘Step 2’. (c) Main interface after indexing is completed: updated with results. (d) Result of
‘View peaks’ button. This is one of several tools that can be used to view or modify the results. (e)
Result of ‘Image overlay’ button, after loading an image file. Unit-cell parameters may be changed
manually. The user can choose to display all peak indices, only peak indices closest to measured peak
positions or no peak indices, in addition to the predicted scattering pattern (white dots).



this tool is shown in Fig. 11(b). We achieve this by solving the

following equation, which is reproduced from the work of

Merlo et al. (2005) for convenience:

Q2
xy ¼ h2 a	jj

� �2
þ k2 b	jj

� �2
þ 2a	jjb

	
jjhk cos 
	jj

� �
; ð7Þ

where Qxy is the experimentally measured horizontal peak

position, h and k are the first two indices, a	jj is the component

of a	 parallel to the substrate, b	jj is the parallel component of

b	, and 
	jj is the angle between the vectors a	jj and b	jj. a	 and b	

are the reciprocal-lattice vectors of the unit cell. The user

specifies three peaks (Qxy1;Qxy2;Qxy3) to be used for an initial

guess. The program cycles through each possible (hk)

combination for these three peaks for values up to a user-

specified maximum (for example,�8
 h
 8 and�8
 k
 8),

and solves the following system of equations:

Q2
xy1

Q2
xy2

Q2
xy3

0
@

1
A ¼ h2

1 k2
1 h1k1

h2
2 k2

2 h2k2

h2
3 k2

3 h3k3

0
@

1
A a	jj

� �2

b	jj
� �2

2a	jjb
	
jj cos 
	jj

� �
2
64

3
75: ð8Þ

The remaining peaks are assigned (hk) values based on

proximity (minimizing their �Qxy). The summed root-mean-

square peak position error of all peaks (�Qxy) is used to select

the best set of values for (h1; k1; h2; k2; h3; k3). Then a	jj, b	jj and


	jj are refined to minimize the total peak position error.

In addition to setting an upper limit to h and k for all peaks,

the user can set a further constraint on the (hk) values that are

allowed for the first two peaks (h1; k1; h2; k2) based on

expectations from the molecular size and knowledge from

similar packing considerations. Typically, strong peaks are

chosen that correspond to expected directions along the

molecule. This encourages the software to report a unit-cell

structure containing a single molecule (the smallest possible

repeat volume) rather than multiple molecules: for example,

by restricting the peak with the lowest observed Qxy to (hk) =

(01) rather than (02) or (03). This also allows the user to align

molecular directions with primary crystallographic directions,

which can make it easier to understand how a molecule orients

within the unit cell. For example, a bright peak around Q =

1.7 Å�1 gives the appropriate d spacing for �–� stacking in a

lamellar structure, and forcing this peak to have (hk) = (01)

means that one of the unit-cell axes will correspond to the �–�
stacking direction. Examples of how to choose appropriate

constraints for a real system are given in Section 8.

The second indexing step uses a similar approach to solve

the following equation [also reproduced from Merlo et al.

(2005)]:

Qz ¼ ha	? þ kb	? þ ‘c	; ð9Þ

where Qz is the experimentally measured vertical peak posi-

tion, (hk‘) are the indices, a	? and b	? are the components of a	

and b	 perpendicular to the substrate, and c	 is the out-of-

plane reciprocal-lattice vector. An initial guess for c	 is

required (see next paragraph). The program runs through a

series of guesses for (‘1; ‘2) to solve a set of two equations for

a	? and b	? given two peaks specified by the user:

Qz;1 � ‘1c	

Qz;2 � ‘2c	

� �
¼

h1 k1

h2 k2

� �
a	?
b	?

� �
: ð10Þ

These parameters are combined with the parameters obtained

in the first indexing step to create a complete unit cell, which is

used to generate a scattering pattern. The solution with the

smallest total error, calculated as the sum of the Cartesian

distances between each experimental peak and the closest

generated peak, is chosen. The a	?, b	? and c	 values which lead

to the lowest total error are then refined to further minimize

error.

There are several methods to select a reasonable initial

guess for c	. In edge-on (or face-on) materials, there is usually

a distinct out-of-plane alkyl peak (or �–� stacking peak) that

corresponds to the (001) index, and thus its Qz position is

equal to c	. The region along the Qz axis is inaccessible in

grazing incidence, but (00‘) peak positions can often be esti-

mated due to spread in the polar angle of these peaks. If not,

the peaks can be measured using a specular scan. c	 will also

correspond to the distance �Qz between peaks with identical

(hk) values [e.g. Qzð121Þ �Qzð120Þ ¼ c	], though a sign change in

h or k will break this rule [e.g. (12‘) and (12‘) have the same

Qxy position, but their peaks may be separated by �Qz 6¼ c	].

A visual assessment of the scattering pattern can reveal a

commonly repeated �Qz value corresponding to c	 or a

multiple of c	.

We have included several tools to inspect the results. Fit

parameters are converted to real-space a, b, c (unit-cell edge

lengths), �, �, 
 (unit-cell angles), and volume using the

equations given by Merlo et al. (2005) and Simbrunner et al.

(2018), and these are displayed in the main interface [see

Fig. 11(c)]. The user can inspect generated peak positions from

the unit cell overlaid with the experimentally defined peak

positions [as shown in Fig. 11(d)]. 3D and 2D drawings of the

real-space unit cell are also available. Furthermore, a tool is

included to manually change each of six unit-cell parameters

and inspect the corresponding scattering pattern in real time,

and another tool can overlay the results on the experimental

image [see Fig. 11(e)].

Organic thin films sometimes contain multiple polymorphs

that result in more than one set of crystalline peaks. This

makes it difficult to accurately assign crystal structure.

Encouraging a material to convert to a single-crystal structure

through a processing condition such as annealing above the

melting temperature can help isolate peaks from different

structures (Chang et al., 2012; Kim, Liu et al., 2012). Then,

peaks in the original film that are not present in the annealed

film can be assigned to a second polymorph. Different poly-

morphs often have different c	 values, so an inspection of �Qz

can also help separate peaks from multiple polymorphs.

8. Usage example of indexing software

We demonstrate the use of our indexing tool by evaluating the

crystal structure of two small-molecule donors, SM1 and SM2,

that are based on the backbone benzo[1,2-b:4,5-b]dithiophene-

pyrido[3,4-b]-pyrazine [BDT(PPTh2)2] and were studied in

computer programs
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depth by Alqahtani et al. (2018) [also studied by Wolf et al.

(2016), where they are referred to as SM3 and SM4, respec-

tively]. These two molecules share a backbone but differ in the

side chains attached to the BDT unit: SM1 has a 2-ethylhexyl

side chain attached through an ether structure while SM2 has

a 2-(2-ethylhexyl)3-hexylthiophene structure. Thus, SM1 has

two side chains with weights of 112 g mol�1 each (eight carbon

atoms, one oxygen atom) and SM2 has two side chains with

weights of 248 g mol�1 each (18 carbon atoms, one sulfur

atom). The difference in side chain results in substantial

differences in GIWAXS patterns, indicating different packing

structures. While the neat films are more disordered, both

small molecules become highly crystalline when cast with the

solvent additive diiodooctane (DIO) and blended with

PC71BM, allowing accurate peak indexing. We present the

scattering patterns of the SM1:PC71BM blend in Figs. 12(a)

and 12(b); SM2:PC71BM in Figs. 13(a) and 13(c); and neat

SM2 in Fig. 13(b).

For SM1, we harvested 53 peaks to use in indexing the

crystal pattern. These are shown with white crosses in

Fig. 12(a). Visual inspection of Fig. 12(a) reveals high-intensity

peaks in the out-of-plane direction (Qz = 0.46 Å�1) and in-

plane direction (Qxy = 1.72 Å�1). The d spacings corre-

sponding to these peaks fall in the range expected for the alkyl

and �–� stacking distances, respectively, so we start with the

assumption that these peaks can be assigned to the (001) and

(100) indices. The positions of these peaks point to an edge-on

structure.

Step 1 requires us to select three peaks for an initial

calculation. These should have nonzero Qxy values that are not

multiples of each other. For peak 1, we select the probable �–

� stacking peak at (Qxy;Qz) = (1.724, 0.066) Å�1 and restrict it

to ðhkÞ = (10). For peak 2, we select the intense peak at

(Qxy;Qz) = (0.418, 0.550) Å�1. Our initial hypothesis is that

peak 2, which has the lowest nonzero Qxy position observed, is

the along-backbone peak, so we restrict it to an index of ðhkÞ =

(01). All peaks are restricted to h and k values 
8. Thus, we

initially attempt to solve the structure with a minimally sized

structure by restricting peaks to low indices. However, we are

prepared to loosen the restrictions if the accuracy of the

generated scattering pattern is not satisfactory.

Any of the bright peaks in our scattering pattern are good

candidates for peak 3 as long as their Qxy position is not a near

multiple of the Qxy position of peak 2. After testing several of

these, we determine that the peak at (Qxy;Qz) = (0.761,

0.229) Å�1 produces the most accurate scattering pattern.

These conditions give a reasonable peak position uncertainty

of �Qxy < 0.04 Å�1 for all peaks. The results are a	jj =

1.716 Å�1, b	jj = 0.418 Å�1 and 
	jj = 24.32�.

For Step 2, we use a preliminary c	 value of 0.46 Å�1 based

on the observed out-of-plane peak position (which we hypo-

thesize is the alkyl peak). We select the bright peaks at

(Qxy;Qz) = (1.724, 0.066) Å�1 and (0.416, 0.093) Å�1 for the

initial calculation. We restrict the ‘ values of the first two

peaks to 0, forcing them to correspond to the primarily crys-

tallographic directions (100) and (010) – or the �–� stacking

direction and the backbone direction. We choose the peak at

low Qz as the along-backbone (010) peak because a structure

with a backbone lying along the substrate is much more

common in organic thin films than one where the backbone is

angled upward (Osaka & Takimiya, 2015).

With these restrictions in place, we obtain a reasonable

peak position uncertainty of �Q < 0.06 Å�1 for all peaks (with

smaller uncertainty for peaks at lower Q values: e.g. for Qxy <

1.00 Å�1, �Q < 0.03 Å�1), using a	? = 0.060 Å�1, b	? =

0.097 Å�1 and c	 = 0.457 Å�1. Our final crystal structure has

computer programs
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Figure 13
(a) GIWAXS pattern of SM2:PC71BM, cast from chlorobenzene with
0.8% DIO in a 1:1 blend. Dots indicate the fitted scattering pattern for the
first (lamellar) polymorph. (b) GIWAXS pattern of neat SM2, same
conditions as (a). (c) Same as (a), zoomed-in and with a different color
scale for detail, overlaid with the scattering pattern for the second
polymorph which is not present in the neat film (b). SM2 crystal structure:
(d) bird’s-eye view of film; (e), ( f ) side views from two different
directions, perpendicular to the b–c plane (e) and a–c plane ( f ). In (e), the
molecular structure is drawn approximately to scale.

Figure 12
(a), (b) GIWAXS pattern of SM1:PC71BM, cast from chlorobenzene with
0.8% DIO in a 1:1 blend. (a) Crosses signify peak positions that were used
for indexing. (b) Dots indicate the fitted scattering pattern. (c) Same data
as (a), rescaled and with PCBM artificially removed. (d) Scattering
pattern simulated using simDiffraction from a possible configuration of
SM1 with the calculated unit cell. SM1 crystal structure: (e) bird’s-eye
view of film; ( f ), (g) side views from two different directions,
perpendicular to the b–c plane ( f ) and a–c plane (g). In ( f ), the
molecular structure is drawn approximately to scale.



a = 8.89, b = 36.5, c = 15.3 Å, �= 115.9, �= 67.4, 
 = 155.7�, and

a volume of 1840 Å3. The scattering pattern expected from

this unit cell is shown in Fig. 12(b) and a visual representation

of the crystal structure is shown in Figs. 12(e), 12( f) and 12(g).

To confirm this unit cell, we created crystallographic data

files and used SimDiffraction (Breiby et al., 2008) to generate

scattering patterns with intensities to compare with our

experimental data. We tried several different configurations

for the small molecule, which are shown in Fig. 20 (see

Appendix C). All of these neglect hydrogen atoms (which

have only a small effect on scattering intensity due to their low

electron density) and side chains (which can rotate freely).

The first three configurations have various thiophene orien-

tations with a planar backbone while the fourth has a twisted

backbone generated using the Q-chem ab initio quantum

chemistry package (Shao et al., 2015). We used rotation

matrices to orient the molecules as shown in Figs. 12(e), 12( f)

and 12(g) and added the unit-cell parameters. The generated

scattering patterns are shown in Fig. 20. Even the small

changes to molecular structure that we tested have a

substantial effect on the relative peak intensities. In general,

however, all three configurations with a planar backbone

replicate the high intensities of the (10‘) peaks at Qxy =

1.7 Å�1. The relative intensities of the (10‘) peaks at Qxy =

0.4 Å�1 are fairly accurate for the ‘C-shaped’ configuration

shown in Fig. 20(b). A side-by-side comparison of our data

(with fullerene scattering artificially subtracted) and the

simulated pattern is shown in Figs. 12(c) and 12(d). The main

discrepancy between the simulated pattern and what is

experimentally observed is the intensity of the (010) peak at

Qz = 0.1 Å�1. The lower experimental intensity of this peak

may indicate some non-planarity in the backbone. Because the

generated scattering pattern is close to our experimental

result, and the unit cell has reasonable dimensions given what

we know about our small molecule, no further iterations of the

calculation are necessary.

The unit cell reveals information about the packing and

orientation of the molecule that is not obvious from the

scattering pattern. Some examples of distances that are of

interest are shown in Fig. 14. Here, the unit-cell vectors are

defined using standard convention: v1, v2, v3 have lengths a, b,

c, respectively, and the reciprocal-lattice vectors u1, u2, u3 are

normal to the b–c, a–c and a–b planes, respectively.

The backbone length dbackbone is simply b = 36.5 Å. The

closest �–� distance d��� is the projection of v1 onto the

vector normal to the backbone plane (the b–c plane), which is

the reciprocal-lattice vector u1. Thus,

d��� ¼
v1 � u1

ju1j
: ð11Þ

This equation gives d��� = 3.66 Å for this unit cell.

It is also useful to calculate the slip-stacking of the �–�
stack, given as s���;backbone and s���;alkyl (see Fig. 14). The first

step is to project v1 onto the backbone plane, using

v1;b�c ¼ v1 �
v1 � u1

ju1j

u1

ju1j
: ð12Þ

Then, the components along and normal to the backbone

direction v2 become

s���;backbone ¼
v1;b�c � v2

jv2j
and

s���;alkyl ¼ jv1;b�cj
2
� s2

���;backbone

� �1=2
:

ð13Þ

These equations give s���;backbone = 8.10 Å and s���;alkyl =

0.13 Å.

We can similarly analyze the alkyl stacking distance and

slip-stacking. Since v3 is already in the backbone plane (by

definition),

salkyl ¼
v3 � v2

jv2j
and dalkyl ¼ jv3j

2
� s2

alkyl

� �1=2
; ð14Þ

or equivalently [using Fig. 12( f)],

salkyl ¼ c cos 180� � �ð Þ and dalkyl ¼ c sin 180� � �ð Þ: ð15Þ

For this unit cell, the results are salkyl = 6.7 Å and dalkyl =

13.8 Å.

Finally, the tilt of the backbone with respect to the substrate

is of interest. The angle between the backbone plane and the

substrate plane (the a–b plane) is equal to the angle between

u1 and u3. Thus,

Tilt angle ¼ acos
u1 � u3

ju1jju3j
: ð16Þ

For this unit cell, this angle is found to be 88� (with 90� being

edge-on).

Next, we examine SM2 (Fig. 13). The scattering pattern of

SM2 has two unique peaks in the out-of-plane direction at Qz =

0.33 and 0.37 Å�1. These are too far apart to be explained by

refraction and they are unlikely to be multiples of a common

c	. This indicates two or more polymorphs present in SM2 that

have to be indexed with different c	 values. It is possible to

index the two polymorphs separately because of the large

number of peaks present. First, we extracted columns of peaks

(same Qxy) in the scattering pattern for which �Qz spacings

were equal to multiples of 0.37 Å�1. This set of peaks could be

indexed in a similar fashion to those of SM1 [see Figs. 13(a)

and 13(b)]. We assigned peaks at ðQxy;Qz) = (1.70, 0.20) Å�1

and (0.43, 0.24) Å�1 to the (001) and (010) indices, respec-

tively. We also used the peak at (1.36, 0.21) Å�1 for Step 1, and

restricted the h; k values to
6. The results of this indexing are

given and compared with those of SM1 in Table 1. The

computer programs
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Figure 14
Schematic of distances that may be of interest for small molecules,
oriented to view the backbone plane [similar to Fig. 12( f )]. Each
rectangle represents a single planar small-molecule backbone; red lines
show the unit-cell vectors.



molecular length and �–� stacking distances are similar

between the two molecules, though SM2 has slightly larger

parameters. The alkyl stacking distance is 3.3 Å larger in SM2

which is consistent with the addition of two thiophenes in the

side chains; this leads to a larger volume. SM2 is more slip-

stacked than SM1, especially along salkyl, which allows more

efficient packing of the bulkier side chains. SM2 also has a

smaller tilt angle, making it less edge on.

We then attempted to index the remainder of peaks in the

SM2 pattern, corresponding to a 0.33 Å�1 out-of-plane repeat

distance (c	). The high density of peaks at low Q indicates a

large unit cell, probably containing several molecules [see

Fig. 13(c)]. Indeed, the scattering pattern was most closely

replicated by a unit cell with a volume of 18 400 Å3, 7.5�

larger than the unit cell of the other polymorph. The unit cell

had parameters of a = 35.4, b = 44.0, c = 19.6 Å, �= 78, �= 105,


 = 141�. Interestingly, the peaks and c	 value associated with

this polymorph were not present in the scattering patterns for

the neat SM2 films, with or without DIO [see Fig. 13(b)]. This

indicates that this large, well crystallized structure may contain

both small molecules and fullerenes, such as in an intercalated

structure (Miller et al., 2012). Alternatively, the larger struc-

ture may be due to a complex packing motif such as

herringbone (Sherman et al., 2015) or slipped 
 (Yang et al.,

2018) which is catalyzed by the presence of fullerene. Lastly,

the peaks associated with the larger structure may actually

arise from two or more additional polymorphs with the same

out-of-plane repeat distance of 0.33 Å�1. Solving for the exact

structure in this case is difficult without further analysis using

simulation or single-crystal diffraction.

9. Related literature

The following references are cited in the supporting infor-

mation: Mateker et al. (2015), Cadek et al. (2010), Lide (2005),

Mukherjee et al. (2017), Waldemar Knittel Glasbearbeitungs

(2019), Medvedovski et al. (2008).

10. Conclusions

In this article, we have presented a software package called

GIWAXS-SIIRkit geared towards helping researchers under-

stand and analyze GIWAXS data of organic thin films. The

name ‘SIIRkit’ reflects the fact that the package includes tools

for examining relative scattering intensities (SI), indexing

crystal patterns (I) and measuring refractive shifts to peak

positions (R).

The scattering intensity in a GIWAXS measurement

depends inter alia on the refractive index, which can be

calculated using our separate refractive index tool; the elec-

trical field strength within the film at a given incident angle;

and the beam footprint on the sample. We present a toolbox to

assess the changes to intensity when modifying sample

composition and scattering geometry. This allows estimation

of measurement uncertainty for a single sample and calcula-

tion of normalization factors for several samples of different

sizes and/or compositions.

Refraction of the incident beam at grazing incidence will

systematically shift observed peak positions to higher Q

(lower observed d spacings). The refractive shift in the out-of-

plane direction has been reported previously, and here we

have expanded this calculation to include off-axis peak shifts.

Calculating the refractive shift at various polar angles requires

a straightforward but nontrivial procedure. For this reason we

implement a simulation which can either calculate the actual d

spacing and repeat direction within a film given observed (Qxy,

Qz), or predict the observed (Qxy, Qz) for a set of planes with

user-defined d spacing and repeat direction. Our simulation

also predicts the location of an additional scattering peak due

to reflection off the substrate.

The indexing tools that we have developed can be used to

calculate the crystal structure of well ordered materials. The

crystalline structure determines the intermolecular packing

distances, which affect charge carrier mobility. In blended

films, the crystal structure may also affect the interfacial

interactions between a small molecule and another compo-

nent such as a fullerene derivative. While some organic

materials are crystalline enough to give rise to many peaks in a

GIWAXS pattern, they are often too disordered to apply a

traditional X-ray diffraction method.

In summary, we have developed a user-friendly software

toolbox to help researchers understand their GIWAXS data

and accurately report findings. This should enable better

characterization of thin-film materials, which will improve the

materials engineering process.

APPENDIX A
Calculation of the electric field within a thin film at
grazing incidence

For convenience, we recreate the calculation of electric field

within a thin film that was demonstrated by Factor (1991).

A1. Setup variables

We start with an incoming electric field that has components

along y (vertical) and z, using the convention of Fig. 8. We

define the incoming wavevector as k0 ¼ ð0 ky;0 kz;0Þ, the

wavevector just inside the film as k1 ¼ ð0 ky;1 kz;1Þ and

wavevectors in subsequent layers as ki ¼ ð0 ky;i kz;iÞ. The

magnitude of each wavevector is
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Table 1
Crystal structure parameters of SM1 and SM2, from indexing of
GIWAXS patterns.

See Fig. 14 for definitions of distances. For SM2, the lamellar polymorph
corresponding to c* = 0.37 Å�1 is used.

dbackbone dalkyl d�–�

Tilt
angle salkyl s�–�,alkyl s�–�,backbone

Unit-cell
volume

SM1 36.5 Å 13.8 Å 3.66 Å 88.0� 6.7 Å 0.1 Å 8.10 Å 1840 Å3

SM2 39.5 Å 17.1 Å 3.75 Å 82.1� 18.3 Å 0.5 Å 9.36 Å 2520 Å3



jkij ¼ ki ¼ k2
y;i þ k2

z;i

� �1=2
¼ !ni=c ¼ kni ð17Þ

with ! = angular frequency, ni = refractive index of the layer =

1� �i þ i�i (i being the imaginary unit), c = speed of light and

k � !=c. Given that the medium outside the film is typically

vacuum or an inert gas, with n0 ¼ 1, we can reasonably assume

that k0 ’ k.

A2. Proof that ky,i is invariant

The angle of the wavevector in each layer, with respect to

the X–Z plane (i.e. substrate surface), can be observed to

follow sin �i ¼ kz;i=ki . Snell’s law states that

ni cos �i ¼ nj cos �j ð18Þ

for any i; j (note that we define � relative to the surface plane;

Snell’s law is often given with � relative to the normal of the

surface plane).

A straightforward calculation yields ky;i ¼ ky;j for any i, j:

ky;i ¼ k2
i � k2

z;i

� �1=2
¼ ki 1�

kz;i

ki

� �2
" #1=2

¼ ki 1� sin2 �i

� �1=2
¼ ki cos �i ¼ kj cos �j ¼ ky;j: ð19Þ

For example, ky;0 ¼ ky;1, which we will use in the next section.

A3. Calculation of kz,i

We can calculate the z component of the wavevector inside

the film with respect to the z component of the wavevector

incident on the film using equations (17) and (19), assuming

that n0 ¼ 1:

k2
z;1 ¼ k2

1 � k2
y;1 ¼ !n1=cð Þ

2
� k2

y;0

¼ !n1=cð Þ
2
� k2

� k2
z;0

� �
¼ !n1=cð Þ

2
� !=cð Þ

2
þ k2

z;0

¼ k2
z;0 þ k2 n2

1 � 1
� �

: ð20Þ

Expanding, we get

n2
1 ¼ 1� �1 þ i�1ð Þ

2

¼ 1� �1 þ i�1ð Þ � �1 1� �1 þ i�1ð Þ þ i�1 1� �1 þ i�1ð Þ

¼ 1� 2�1 þ 2i�1 þ �2
1 � �

2
1 � 2i�1�1

� �
: ð21Þ

Both � and � are typically small terms. As demonstrated in

Table S1, � is on the order of 10�6 and � is on the order of 10�9.

Thus, we can ignore the second-order terms. Furthermore, we

observe that the critical angle in layer i is �c;i ¼ ð2�iÞ
1=2, so that

the critical wavevector is kc;i ¼ kð2�iÞ
1=2. With these observa-

tions, equation (20) turns into

k2
z;1 ¼ k2

z;0 þ k2
�2�1 þ 2i�1ð Þ ¼ k2

z;0 � k2
c;1 þ 2i�1k2: ð22Þ

If we let kz;1 ¼ kz;1;Re þ ikz;1;Im, we can solve for the real and

imaginary components:

k2
z;1 ¼ k2

z;0 � k2
c;1

� �
þ 2i �1k2

� �
¼ k2

z;1;Re � k2
z;1;Im

� �
þ 2i kz;1;Rekz;1;Im

� �
;

k2
z;1;Re ¼

k2
z;0 � k2

c;1 � ðk
2
c;1 � k2

z;0Þ
2
þ 4�2

1k4
� �1=2

2
;

k2
z;1;Im ¼

�k2
z;0 þ k2

c;1 � k2
c;1 � k2

z;0

� �2
þ 4�2

1k4
h i1=2

2
:

ð23Þ

The top sign (+) corresponds to an attenuating field while the

bottom sign (�) gives an amplifying field. This means only the

top sign gives a result consistent with energy conservation.

A similar derivation can be used to compare the wave-

function of any layer with that of the incident beam k0. The

equivalent of equation (22) will be

k2
z;i ¼ k2

z;0 � k2
c;i þ 2i�ik

2; ð24Þ

which yields an equation with the same format as equation

(23), with the subscript 1 replaced by i. Thus we arrive at

equation (5) in the main text, where we have removed the

subscript z for legibility.

A4. Calculating the reflectance at an interface

If z ¼ 0 is the top surface of the film, the electric field

outside the film (z< 0) is a sum of the incident and reflected

waves:

E ¼ Ei exp½iðky;0yþ kz;0zÞ� þ Er exp½iðky;0y� kz;0zÞ�; ð25Þ

where Ei and Er are the field strengths of the incident and

reflected beams, respectively. The electric field propagating

into the film (z> 0) is given as

E ¼ Et exp½iðky;1yþ kz;1zÞ�; ð26Þ

where Et is the field strength of the transmitted beam. The

continuity condition of Eðy; zÞ and ½@Eðy; zÞ�=@z must be met

at the interface (z ¼ 0), i.e.

Ei exp½iðky;0yþ kz;0zÞ� þ Er exp½iðky;0y� kz;0zÞ�

¼ Et exp½iðky;1yþ kz;1zÞ� at z ¼ 0 and

@

@z
Ei exp½iðky;0yþ kz;0zÞ� þ Er exp½iðky;0y� kz;0zÞ�
 �
¼
@

@z
Et exp½iðky;1yþ kz;1zÞ�
 �

at z ¼ 0:

ð27Þ

Solving and rearranging (keeping in mind that ky;0 ¼ ky;1),

Ei þ Er ¼ Et and Ei � Erð Þkz;0 ¼ Etkz;1: ð28Þ

Equation (28) can be used to solve for the Fresnel reflection

r01 (defined as Er=Ei) and transmission coefficient t01 (defined

as Et=Ei) at the interface:

r01 ¼
Er

Ei

¼
kz;0 � kz;1

kz;0 þ kz;1

and

t01 ¼
Et

Ei

¼
2kz;0

kz;0 þ kz;1

¼ r01 þ 1:

ð29Þ

This solution can be generalized for any interface in a series of

stacked parallel layers, yielding the solution for r12 given in

equation (4) of the main text.
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A5. Calculating the electric field in the film

We derive the equation for the z component of the electric

field using similar methods to those of Borne & Wolfe (1985).

After entering the thin film, the electric field fluctuates back

and forth as shown in Fig. 15, losing energy at each interface.

The total electric field can be written as the sum of the

components indicated in Fig. 15:

E ¼ iþ iiþ iiiþ ivþ vþ � � � : ð30Þ

The electric field that is transmitted into the film can be

written as in the previous section:

i ¼ Et exp½iðkz;1zÞ� ¼ Eit01 exp½iðkz;1zÞ�

¼ Ei 1þ r01ð Þ exp½iðkz;1zÞ�: ð31Þ

At the bottom interface, the field will be reflected with

a coefficient r12. Reflection will require replacing z

with (2T � z) so that EðTÞ / exp½iðkz;1TÞ� and Eð0Þ /

exp½iðkz;12TÞ� (= two traversals through the film). This gives

ii ¼ Ei 1þ r01ð Þr12 expfi½kz;1ð2T � zÞ�g

¼ Ei 1þ r01ð Þfr12 exp½iðkz;12TÞ�g exp½�iðkz;1zÞ�: ð32Þ

At the top surface, reflection will add a coefficient

r10 ¼ �r01 and require replacing (2T � z) with (zþ 2T) so

that Eð0Þ / exp½iðkz;12TÞ� (two traversals) and EðTÞ /

exp½iðkz;13TÞ� (= three traversals):

iii ¼ Ei 1þ r01ð Þr12 �r01ð Þ expfi½kz;1ðzþ 2TÞ�g

¼ Ei 1þ r01ð Þ �r01r12 exp½iðkz;12TÞ�
 �

exp½iðkz;1zÞ�: ð33Þ

We can repeat this procedure to find

iv ¼ Ei 1þ r01ð Þ �r01r2
12 exp½iðkz;14TÞ�

 �
exp½�iðkz;1zÞ�; ð34Þ

v ¼ Eið1þ r01Þ r2
01r2

12 exp½iðkz;14TÞ�
 �

exp½iðkz;1zÞ� ð35Þ

and so on. Summing all these components together, we find

E ¼ Ei 1þ r01ð Þ

�

� exp½iðkz;1zÞ� þ �r12 exp½iðkz;12TÞ� exp½�iðkz;1zÞ�

�
;

with

� ¼ 1� r01r12 exp½iðkz;12TÞ� þ r2
01r2

12 exp½iðkz;14TÞ� � � � � :

ð36Þ

We recognize the term � as the Taylor expansion form of

1=ð1þ xÞ with x ¼ r01r12 exp½iðkz;12TÞ�. Thus we can write

E ¼ Eið1þ r01Þ

�
exp½iðkz;1zÞ� þ r12 exp½iðkz;12TÞ� exp½�iðkz;1zÞ�

1þ r01r12 exp½iðkz;12TÞ�
; ð37Þ

which is equivalent to equation (4) in the main text. This result

is identical to that obtained using the formalism in the work of

Dev et al. (2000) with a single layer on a substrate and

negligible surface roughness.

A6. Demonstration of electric field in a film

The dependence of electric field on incident angle has been

demonstrated previously (Factor, 1991). We include some

results here for convenience, along with the dependence on

film thickness. This is meant to illustrate why the scattering

intensity is non-monotonic with thickness. We use the refrac-

tive indices of a neat PTB7 film on a silicon substrate (see

Table S1). The critical angles of PTB7 and silicon are 0.1005

and 0.1405�, respectively.

The electric field within a 100 nm film is shown in Fig. 16(a).

For incident angles below the film’s critical angle (0.08 and

0.10�), the beam intensity within the film follows an expo-

nential fall-off. Above the film’s critical angle but below the

substrate’s critical angle (0.12 and 0.14�), a large fraction of

the beam enters the film but is reflected off the substrate,

resulting in a high-intensity standing wave within the film and

boosting scattering intensity. Above both critical angles (0.16

and 0.30�), a standing wave exists in the film but some intensity

passes into the substrate and is lost.
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Figure 15
Schematic of beam reflection within a thin film. Angles are exaggerated
for clarity.

Figure 16
(a) Squared electric field jEj2 within a 100 nm PTB7 thin film on top of a
silicon substrate, with various incident angles, as labeled in the legend (in
�). (b) jEj2 for films of varying thicknesses, as shown in the legend, at an
incident angle of 0.12�. (c) Integrated electric field as a function of film
thickness for various incident angles. Each point corresponds to the
integral of jEj2, generated at the given incident angle and thickness, from
a depth of 0 to T: i.e. the area under the curves in (b). (d)

R T

0 jEj
2 dz versus

incident angle and thickness.



Because the electric field is reflected within the film, jEj2

depends on the film thickness. The electric field for films of

varying thickness, with an incident angle of 0.12�, is shown in

Fig. 16(b).

The integral of jEj2 over the depth of the film is propor-

tional to the scattering intensity. The dependence of the

integrated electric field on the film thickness and incident

angle is shown in Fig. 16(c). At low incident angles (0.08�), the

electric field falls off within the top 5–10 nm and so the inte-

grated electric field is independent of film thickness. At

intermediate incident angles (0.12, 0.14�), there is a standing

wave with a period comparable to the film thickness, which

causes the fringing in Fig. 16(c). At high incident angles

(0.30�), this fringing is diminished because lower-intensity

reflected beams interfere less with the incident beam, and the

dependence of scattering intensity on thickness approached a

linear relationship.

Thus,
R T

0 jEj
2 dz is highly nonlinear with both incident angle

and film thickness, giving rise to the fringe pattern in Fig. 16(d).

The intensity peaks near the film critical angle and eventually

plateaus at higher angles.

We also compare the results of our calculation with those of

the TER_sl program, which can generate a plot of electric field

strength within a thin film (Stepanov, 2019, 2004). This

program uses recursive matrix operations which are demon-

strated in the work of Stepanov et al. (1998). The results of this

program, given the same parameters as used in Fig. 16, are

nearly identical to our results.

APPENDIX B
Calculation of refractive shift in two dimensions

B1. Useful relationships

From the definition of Q, it can be observed that

Q ¼
4�

�
sin

2�

2
: ð38Þ

The polar angle 	 is defined such that

tan	 ¼ Qz=Qxy ð39Þ

or sin	 ¼ Qz=Q. This is equivalent to 90�, the angle between

Q and the surface normal:

sin	 ¼ cos 90� � 	ð Þ ¼
Q

jQj
�

0

0

1

0
@

1
A ¼ Qz

Q
; ð40Þ

where � indicates a dot product. In other words, the polar angle

gives the tilt angle between the diffracting planes and the

substrate surface, such that 	 = 0� implies periodicity along the

in-plane direction and 	 = 90� means periodicity along the out-

of-plane direction.

Bragg’s law states that

d ¼
�

2 sin 2�B=2ð Þ
$ sin 2�B=2ð Þ ¼

�

2d
: ð41Þ

B2. An expression for 2h in terms of vertical angles (h1, h1s,Z)
and v

We start with an expression for the incident and scattered

vectors similar to that given by Hexemer & Müller-

Buschbaum (2015):

k1 ¼
2�

�

cos �1

0

� sin �1

0
@

1
A and k1s ¼

2�

�

cos �1s;XY cos �1s;Z

sin �1s;XY cos �1s;Z

sin �1s;Z

0
@

1
A:
ð42Þ

Q is defined such that

Q ¼ k1s � k1 ¼
2�

�

cos �1s;XY cos �1s;Z � cos �1

sin �1s;XY cos �1s;Z

sin �1s;Z þ sin �1

0
@

1
A ¼ Qx

Qy

Qz

0
@

1
A:
ð43Þ

Qxy can be calculated as

Qxy ¼ Q2
x þQ2

y

� �1=2

¼
2�

�

�
cos2 �1s;XY cos2 �1s;Z � 2 cos �1s;XY cos �1s;Z cos �1

þ cos2 �1 þ sin2 �1s;XY cos2 �1s;Z

�1=2

¼
2�

�
cos2 �1s;Z þ cos2 �1 � 2 cos �1s;XY cos �1s;Z cos �1

� �1=2
:

ð44Þ

The scattering angle can be defined using a vector dot

product:

cos 2�1ð Þ ¼
k1 � k1s

jk1jjk1sj

¼ cos �1 cos �1s;XY cos �1s;Z � sin �1 sin �1s;Z: ð45Þ

We can combine equation (39) with equation (45) to elim-

inate the cos �1s;XY term. By rearranging, we find that

tan	1 ¼ Qz=Qxy

¼
sin �1s;Z þ sin �1

cos2 �1s;Z þ cos2 �1 � 2 cos �1s;XY cos �1s;Z cos �1

� �1=2
;

cos2 �1s;Z þ cos2 �1 � 2 cos �1s;XY cos �1s;Z cos �1

¼
sin �1s;Z þ sin �1

� �2

tan2 	1

;

1

2
cos2 �1s;Z þ cos2 �1 �

sin �1s;Z þ sin �1

� �2

tan2 	1

" #

¼ cos �1s;XY cos �1s;Z cos �1:

ð46Þ

Substituting equation (46) into equation (45), we see that

cos 2�1ð Þ ¼
1

2
cos2 �1s;Z þ cos2 �1 �

sin �1s;Z þ sin �1

� �2

tan2 	1

" #

� sin �1 sin �1s;Z: ð47Þ
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This expression relates the scattering angles inside the film or

without refraction. We can similarly find an expression for

variables outside the film:

cos 2�0ð Þ ¼
1

2
cos2 �0s;Z þ cos2 �0 �

sin �0s;Z þ sin �0

� �2

tan2 	0

" #

� sin �0 sin �0s;Z; ð48Þ

where 2�0 and 	0 can be directly converted to the observed

Qxy, Qz locations using equations (38) and (39).

Equations (47) and (48) can be rearranged into a quadratic

form to solve for �1s;Z or �0s;Z:

2
þ  2 sin �1ð Þ þ

�
2 cos 2�1 � 1ð Þ sin2 	1

þ sin �1 � 	1ð Þ sin �1 þ 	1ð Þ
�
¼ 0 ð49Þ

(with  ¼ sin �1s;ZÞ, and

&2
þ & 2 sin �0ð Þ þ

�
2 cos 2�0 � 1ð Þ sin2 	0

þ sin �0 � 	0ð Þ sin �0 þ 	0ð Þ
�
¼ 0 ð50Þ

(with & ¼ sin �0s;ZÞ.

B3. Applying refractive shift to vertical angles

To apply refractive shift to the incoming beam (�0 ! �1)

and the exit beam (�1s;Z ! �0s;Z), we use the same approx-

imations as Toney & Brennan (1989):

�1 ¼
1

21=2
ð�2

0 � 2�Þ2 þ 4�2
� �1=2

þ �2
0 � 2�

n o1=2

$

�0 ¼ �2
1 �

�2

�2
1

þ 2�

� �1=2

ð51Þ

and

�1s;Z ¼
1

21=2
ð�2

0s;Z � 2�Þ2 þ 4�2
� �1=2

þ �2
0s;Z � 2�

n o1=2

$

�0s;Z ¼ �2
1s;Z �

�2

�2
1s;Z

þ 2�

� �1=2

: ð52Þ

The refractive shift does not change the horizontal scat-

tering angle: �1s;XY ¼ �0s;XY ¼ �s;XY . The refractive shift will

change the observed polar angle 	:

tan	1 ¼
sin �1s;Z þ sin �1

cos2 �1s;Z þ cos2 �1 � 2 cos �s;XY cos �1s;Z cos �1

� �1=2

ð53Þ

and

tan	0 ¼
sin �0s;Z þ sin �0

cos2 �0s;Z þ cos2 �0 � 2 cos �s;XY cos �0s;Z cos �0

� �1=2
:

ð54Þ

B4. Special situations: along-axis and sub-critical-angle
scattering

In a real scattering situation, scattering along the Qz axis

(Qxy = 0 or �0s;Z ¼ �0) cannot be observed due to the curvature

of the Ewald sphere versus the planar detector, giving rise to

the inaccessible ‘wedge’ observed in the out-of-plane direc-

tion. However, a broad peak may be extrapolated to have a

position at Qxy = 0. This does not cause a problem with the

calculation procedure: no divide-by-zero issues arise.

Scattering along the Qxy axis is also unphysical because

Qz ¼ ð2�=�Þðsin �0s;Z þ sin �0Þ ¼ 0 requires a negative scat-

tering angle �0s;Z (i.e. scattering in the �Z direction). In fact,

this occurs whenever Qz < ð2�=�Þ sin �0. In practice, there is

often an increase in intensity observed along the Yoneda peak

(Vineyard, 1982), but we do not consider this effect in this

work. Another problem arises if either of the exterior angles is

smaller than the critical angle of the film. If the incident angle

is less than the critical angle, total internal reflection occurs

(the real part of �1 is 0�); this does not cause any

computational problems. In this case there will not be a

reflected peak. However, an exit angle that is smaller than

the critical angle is non-physical; this will occur if a user

enters Qz < ð2�=�Þðsin �critical þ sin �0Þ. To handle both these

problems, we reset Qz to this limit [Qz ¼ ð2�=�Þ �
ðsin �critical þ sin �0Þ] when necessary.

If 	1 is set to be close to 0, there will be problems in

applying equation (52) to calculate �0s;Z. In particular, if

�2
1s;Z � ð�

2=�2
1s;ZÞ þ 2�< 0 or �1s;Z < ½��þ ð�

2
þ �2
Þ

1=2
�
1=2 (a

very small number), then the calculated �0s;Z will be imaginary.

To avoid this problem, we take the absolute value of the result.

If 	1 is set to be exactly 0, a divide-by-zero error will occur

when applying equation (53) to calculate �s;XY . Instead of

using equation (53) in this special situation, we recalculate

starting from the dot-product definition, using the relation

sin �1s;Z þ sin �1 ¼ 0:

cos 2�1ð Þ ¼ cos �1 cos �s;XY cos �1s;Z � sin �1 sin �1s;Z

¼ cos �1 cos �s;XY cos ��1ð Þ � sin �1 sin ��1ð Þ

¼ cos2 �1 cos �s;XY þ sin2 �1: ð55Þ

We use this relation instead of equation (53).

B5. Full procedure for calculation

The equations presented here can be used to calculate the d

spacing and scattering angle 	1 from observed (Qxy;Qz)

positions and vice versa. For convenience, we have included

flowcharts on how to apply these equations for both cases in

Fig. 17 and Fig. 18. Green shading denotes input variables

(supplied by the user) and orange denotes output variables.

B6. Comparison of the results of our simulation with those of
Resel et al. (2016)

We modified the procedure somewhat in order to compare

the results of our equations with the scattering pattern

observed by Resel et al. (2016). This work assumed a direct

conversion between the out-of-plane scattering angle and Qz.

In fact, Qz is defined in terms of Q (2�) and the polar angle 	,

making its relationship to the out-of-plane scattering angle

less straightforward as shown above; however, this does not

dramatically change the result.
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Resel et al. (2016) indicated that � = 2.48� 10�6 at 10.5 keV,

which corresponds to a density of 1.25 g cm�3 and � =

1.96� 10�9 according to our refractive index calculator (using

the atomic composition C30H20 for 2,20:60,200-ternaphthalene).

They concluded that the corrected value of Qz would be

0.0594 Å�1, which we converted using the same assumption

that Qz is directly related to �0s;Z:

sin
�1 þ �0s;Z

2
’
�Qz

4�
: ð56Þ

We applied refraction and reflection as before. We show our

result overlaid with the measurements from Resel et al. (2016)

in Fig. 19. We observe good consistency for incident angles

between 0.14 and 0.20�, though there is some discrepancy

outside this range. Resel et al. (2016) also observed this

deviation, which was assigned to the difficulty in separating

the two peaks at low angles and vanishing peak intensities at

high angles. We additionally hypothesize that the observed

peak splitting at low angles, and especially below the critical

angle where no beam penetration is expected, is due to some

combination of beam divergence and nonuniformity of sample

surface.

APPENDIX C
Simulation of scattering pattern from SM1

The results of scattering simulation using SimDiffraction

(Breiby et al., 2008) are shown in Fig. 20 for four different

molecular configurations. Figs. 20(a)–20(c) show a planar

backbone with various thiophene configurations. We

performed an energy minimization on each of these three

configurations using the IQMol software (http://iqmol.org/).

Fig. 20(d) shows a twisted backbone configuration which was

obtained by geometry optimization of the isolated molecule

using a density functional theory with the wB97X-V functional

(Mardirossian & Head-Gordon, 2014) and 6-31G* basis set in

the Q-chem ab initio quantum chemistry package (Shao et al.,

2015). The C-curve configuration [Fig. 20(c)] gave the closest

results to our experimental data.
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Figure 20
Simulated scattering patterns with four different molecular configurations, which we call (a) S-curve, (b) C-curve, (c) straight, (d) twisted. The result for
the C-curve structure is also shown in Fig. 12(d).

Figure 19
Comparison of our result with the experimental result obtained by Resel
et al. (2016). Solid lines give our result and markers show the extracted
peak positions [digitized from Resel et al. (2016)].

Figure 17
Flowchart showing ðQxy;Qz; �0; �; �; �Þ ! (d spacing, 	1) conversion.
Equation numbers are given in parentheses.

Figure 18
Flowchart showing (d spacing, 	1, �0, �, �, �)! ðQxy;Q

z
Þ conversion. If

	1 ¼ 0, equation (53) will be replaced with equation (55), which has
inputs of 2�1 and �1 and outputs �s;XY.
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