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Investigating the Molecular Orientation and Thermal
Stability of Spiro-OMeTAD and its Dopants by Near Edge
X-Ray Absorption Fine Structure

Anita Brady-Boyd,* Kerry Hazeldine, Rachel E. Cross, Gongxizi Ren, Arthur Connell,
Christopher P. Kershaw, Peter J. Holliman, and D. Andrew Evans

This study describes the utilization of near edge X-ray absorption fine
structure (NEXAFS) to investigate the hole transporting material (HTM)
2,2ʹ,7,7ʹ-tetrakis(N,N-di-p-methoxyphenylamine)- 9,9ʹ-spirobifluorene
(Spiro-OMeTAD) and its most common dopants, lithium
bis-(trifluoromethylsulfonyl) imide (LiTFSI), 4-tert-butylpiridine (tBP), and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). By changing
the angle of the sample with respect to the beam, the orientation of the
molecules on the surface can be observed. The data suggest that it is difficult
to determine any orientational preference for Spiro-OMeTAD deposited on a
surface due to the 3D propeller-like geometry of this molecule. Both doped
and undoped samples show thermal stability beyond the glass transition
temperature of the molecules. Significant changes to the Spiro-OMeTAD
spectra are observed with the addition of the dopants, in particular the C
K-edge. Differences are also observed in the valence band spectra when
dopants are added. It is also demonstrated how the doping combination of
LiFTSI with tBP and, F4-TCNQ act as p-type dopants by altering the position
of the HOMO levels. The F4-TCNQ induces a larger change in the HOMO
levels when compared to the LiTFSI and tBP. These results are important to
increase the understanding of Spiro-OMeTAD and the effect dopants have on
this material for next generation solar cells.
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1. Introduction

Photovoltaic (PV) research has seen a
paradigm shift in recent years through
the introduction of organic-lead halide
perovskite materials as light absorbers in
PV devices, with current perovskite so-
lar cells (PSCs) reaching a power con-
version efficiency (PCE) of 25.7%.[1–3]

Perovskite-based solar cells are an at-
tractive alternative to traditional silicon-
based cells for a multitude of reasons
including their high charge carrier mo-
bilities, tunable bandgaps, wide spec-
tral response, solution-based processing,
long charge carrier diffusion lengths, and
potential scalable fabrication.[4–13] PSCs
may also represent a significant cost re-
duction in terms of fabrication, with
the aim of providing a cheaper substi-
tute to silicon-based cells and ultimately
a more sustainable alternative to fos-
sil fuel electricity generation. Organic-
cation lead halide perovskites, mainly
methylammonium, formamidinium, or
cesium (MPbX, where M = organic
cation or Cs and X = I, Cl, Br) based,

have been the subject of immense research and have recorded
some of the highest PCEs due to their efficacy as solar harvesting
materials.[14–17]

A vital component of the PSC is the HTM whose main purpose
is to optimize the electronic properties at the interface between
the perovskite layer and the electrode by efficient hole extraction.
Efficient charge transfer within HTM films is strongly affected
by molecular orientation, the degree of crystallinity, and film
quality. Recent work has also shown the importance of molec-
ular orientation in light-harvesting dyes in dye-sensitized solar
cells.[18,19] There are many variations of organic HTMs known,
these can broadly be divided into families based on their core
structure and include the “Spiro” HTMs[20] and planar HTMs
such as triazatruxene[21] or triphenylamine (TPA).[22,23] The most
popular of these organic HTMs being the Spiro-OMeTAD that
has been the subject of intense research since the late 1990s.[24–28]

The Spiro-OMeTAD films are generally doped by a combination
of LiTFSI and tBP. This doping combination has proven itself to
have a higher efficacy than undoped Spiro-OMeTAD films.
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Whilst the doping of Spiro-OMeTAD with LiTFSI+tBP has a
positive outcome on PCEs these materials also have their lim-
itations. The function of LiTFSI has been reported to be to ox-
idize the Spiro-OMeTAD which dramatically increases the hole
conductivity.[29] However, direct oxidation seems unlikely be-
cause LiTFSI is not an oxidizing agent. Unfortunately, the LiTFSI
is hygroscopic and readily absorbs water causing the degradation
of the perovskite. Originally, the tBP was used to prevent con-
tact between the mesoporous TiO2 and the Spiro-OMeTAD. It has
been discovered however that the tBP serves to inhibit aggrega-
tion of the LiTFSI thereby improving its dispersion throughout
the hole transporting layer (HTL), as well as reducing the number
of pinholes that form on the surface. Thus forming a much more
homogenous HTL film.[30,31] The tBP has been reported to chem-
ically interact with the perovskite and creates a p-doped region at
the perovskite/tBP interface.[32] Although the efficiency is seen
to increase initially, long term, tBP has detrimental effects on de-
vices. tBP is actually corrosive to the perovskite layer, as it dis-
solves the PbI2 which serves to decompose the perovskite.[33] Fol-
lowing thermal stress, tBP can also cause de-doping of the Spiro-
OMeTAD through a complex process where the Spiro-OMeTAD
reverts to its unoxidized state.[34,35]

Therefore, alternative dopants to LiTFSI+tBP are required that
must not only retain the positive attributes of the LiTFSI+tBP
complex but improve upon them and promote higher PCEs for
perovskite devices. To generate any improvement, replacement
dopants for LiTFSI+tBP would need to prohibit moisture infil-
trating the device and degrading the perovskite as well as pos-
sessing enhanced atmospheric stability and sustainable long-life
efficiencies. When used with Spiro-OMeTAD, vacuum-deposited
F4-TCNQ has been found to create pinhole-free films that exhibit
improved air stability and sustained PCEs over 810 hours, when
compared to spin-coated Spiro-OMeTAD films.[36,37] F4-TCNQ is
non-hygroscopic so will not degrade the perovskite and it is also
compatible with solution-based processing.[38] These properties
make F4-TCNQ an outstanding candidate to replace LiTFSI+tBP
as the dopant of choice for Spiro-OMeTAD films.

In this study, we utilize NEXAFS along with valence band spec-
tra and DFT to examine, contrast and compare Spiro-OMeTAD,
Spiro-OMeTAD+LiTFSI+tBP, and Spiro-OMeTAD+F4-TCNQ.
NEXAFS is known for revealing a materials unique chemical
“fingerprint” as the technique is very sensitive to bonding en-
vironment. Therefore, even in complex molecules like Spiro-
OMeTAD, NEXAFS can distinguish the local bonding envi-
ronment. NEXAFS is highly polarization dependent, and syn-
chrotrons produce radiation beams that are highly polarized.
Large complex molecules like Spiro-OMeTAD will have reso-
nances associated with both 𝜎* and 𝜋* resonances which have
a strong and opposite polarization dependence. Consequently,
utilizing NEXAFS permits the investigation of the orientation
of the Spiro-OMeTAD on the surface by simply changing the
angle of the sample with respect to the beam. Despite its im-
portance, molecular orientation within HTM films is poorly un-
derstood and so we studied spin-coated Spiro-OMeTAD, Spiro-
OMeTAD+LiTFSI+tBP, and Spiro-OMeTAD+F4-TCNQ films to
investigate this property. Doped Spiro-OMeTAD films are probed
with the purpose to detect any variation in the molecular orien-
tation and thermal stability, and to access their influence on the
Spiro-OMeTAD spectra.

Figure 1. Spiro-OMeTAD and the dopants of interest in this study, LiTFSI-
tBP, and F4-TCNQ. Molecule diagrams generated by Qutemol.[41]

Figure 2. a) Nitrogen K-edge of Spiro-OMeTAD showing the molecules
thermal stability up to 135°C and no visible beam damage b) carbon K-
edge shows no determinable preferred orientation.

2. Results and Discussion

The structure of each molecule is shown in Figure 1. The complex
geometry of the Spiro-OMeTAD is shown in more detail in Video
S1 (Supporting Information). The undoped Spiro-OMeTAD is
used as the reference sample to compare any observed changes
in the doped samples. C K-edge NEXAFS spectra of the Spiro-
OMeTAD show three distinct peaks at 285.0, 286.1, and 286.8 eV,
displayed in Figure S1 (Supporting Information). These peaks
can be attributed to the three distinct bonding environments
of carbon within the molecule that are C-C/C─H bonds, C─N
bonds,[39] and C─O─C bonds,[40] respectively.

To assess the extent to which these films are thermally sta-
ble, they received cumulative in situ anneals up to 135 °C. The
N K-edge, Figure 2a, displays the thermal stability of the un-
doped Spiro-OMeTAD molecule because there are no observable
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differences between the as-loaded spectra and the subsequent an-
neals. This is also observed in the C K-edge (Figure S2, Support-
ing Information). From this N K-edge data, we can also dismiss
the possibility of beam damage. Previous studies have shown that
the C─N bonds found in common materials including polymers
can be broken easily when exposed to ionizing radiation.[42] This
results in two characteristic peaks in N K-edge spectra at photon
energies of 398.9 and 400.0 eV. These peaks are absent from our
spectra showing there is no beam damage. This is due to several
reasons i) the low flux at the beamline (1 × 1011 photon s−1), ii)
no prolonged exposure to the synchrotron beam (sample posi-
tion was moved before each scan set was recorded), and finally,
iii) the propeller-like shape of the Spiro-OMeTAD molecule itself
essentially offering some protection to the N─C bond. Since all
the nitrogen present in the Spiro-OMeTAD is in the same chem-
ical state, the visible peak at 402.0 eV and the broad region from
≈407.0 eV have been assigned to 𝜋* and 𝜎* resonances of C─N
bonds, respectively. It is also worth noting that the N K-edge is
virtually indistinguishable from that of a triphenylamine (TPA)
molecule given that diphenylamine moieties are the peripheral
donor ligands of Spiro-OMeTAD.[39]

Figure 2b presents the C K-edge for the Spiro-OMeTAD taken
at two different angles with respect to the beam, 30° (least surface
sensitive) and 90° (most surface sensitive, according to Figure
S3, Supporting Information). There is no change observed in the
spectra elucidating that there is no apparent preferred orientation
of the Spiro-OMeTAD molecule in these films. These findings are
interesting when compared to the data reported by Shibayama
et al. who observed some orientation of Spiro-OMeTAD layers
when deposited on certain substrates (i.e., Si, FTO, nickel ox-
ide, and perovskite layers).[43] They demonstrated there is varia-
tion in Spiro-OMeTAD behavior from substrate to substrate and
they suggested that Spiro-OMeTAD orientation was influenced
by substrate surface energy. However, their study did not inves-
tigate Spiro-OMeTAD deposited on TiO2 and so the authors be-
lieve the data reported here are the first reported on this substrate.
In addition, there is no observed change in the Spiro-OMeTAD
spectra with applied temperature, there is no observable beam
damage and finally, there appears to be no distinguishable pre-
ferred orientation of the molecule when deposited. Spin-coating
appears to have produced high-quality films as all the spectra are
reproducible even when taken at different positions across the
surface.

With the addition of the dopants, several changes are notice-
able in the C K-edge spectra as shown in Figure 3a. In the Spiro-
OMeTAD+LiTFSI+tBP sample, a change is noticed in the peak
at 286.8 eV which is the C─O─C peak. This increase can be
attributed to oxidation of the Spiro-OMeTAD by atmospheric
oxygen. This oxidation is accelerated in the presence of the
dopants because they disrupt the packing of the Spiro-OMeTAD
molecules making the film more porous which increases the
rate of O2 diffusion which is otherwise known to be slow.[44]

There is also a pre-edge feature present that is indicative of C═O
bonds again owing to the oxidizing effect this dopant has on the
Spiro-OMeTAD. The peak at 285.0 eV sees a decrease in inten-
sity due to the LiTFSI molecules lying near the top interface.[30]

The F4-TCNQ has four C≡N bonds (Figure 1) and these are the
source of the increase in the 286.1 eV peak in Figure 3a, for
the Spiro-OMeTAD+F4-TCNQ sample. There does not appear to

Figure 3. a) Carbon K-edge and b) oxygen K-edge spectra showing the
influence of the dopants on the Spiro-OMeTAD.

be any noticeable pre-edge feature for the Spiro-OMeTAD+F4-
TCNQ sample but from the O K-edge (Figure 3b) a small peak
corresponding to C═O bonds is visible. This implies that the
F4-TCNQ might also indirectly contribute some oxidizing effect
on the Spiro-OMeTAD by again disrupting the Spiro-OMeTAD
molecules to increase the rate of O2 diffusion into the films.
However, the effect for F4-TCNQ is less than for LiTFSI+tBP
because there is only one dopant molecule here so the disrup-
tion of the Spiro-OMeTAD molecules is expected to be less. An
increase in intensity can be seen for the 285.0 eV peak as the
F4-TCNQ contributes to this peak. Considering that the dopants
only account for a small weight percentage of the overall layer
these changes in the C K-edge spectra are significant. The O K-
edge of the three samples displayed in Figure 3b emulates these
findings. The emergence of a C═O peak at 530.1 eV[45] in the
Spiro-OMeTAD+LiTFSI+tBP again shows the increase in atmo-
spheric oxidation indirectly caused by the LiTFSI+tBP increasing
the porosity of the Spiro-OMeTAD film. Also visible is a peak at
532.6 eV corresponding to S═O bonds in the LiTFSI molecule.
The Spiro-OMeTAD+F4-TCNQ sample shares a strong resem-
blance to the Spiro-OMeTAD.

Interestingly, both doped samples show the same level of ther-
mal stability as the Spiro-OMeTAD with no evident change in
the spectra with annealing, Figure 4a. This indicates that the
dopants do not compromise the thermal properties of the Spiro-
OMeTAD. Investigating the orientation of the doped samples we
find that again there is no evidence for preferred orientation.
For the Spiro-OMeTAD+F4-TCNQ, this is shown in the N K-
edge Figure 4b. This is not surprising as i) the F4-TCNQ should
be homogenously distributed throughout the layer and (ii) al-
though we observe the changes in the spectra when the dopants
are added these changes are subtle. The Spiro-OMeTAD accounts
for ≈70% (wt.) of the HTL so any changes in orientation of the
dopants would likely be very small and difficult to observe in the
recorded spectra. The emergence of a peak at 398.9 eV has been
assigned to the C≡N bonds from the F4-TCNQ.[46] However, the
Spiro-OMeTAD+LiTFSI+tBP does show some differences with
a change of angle (Figure S4, Supporting Information). This is
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Figure 4. a) Carbon K-edge for the OMeTAD+LiTFSI+tBP sample exhibits
good thermal stability b) nitrogen K-edge shows no change in the spectra
at different angles.

expected as the LiTFSI molecules are known to agglomerate and
tend to be more surface localized leading to a more inhomoge-
neous layer.[30,47] While the emergence of a peak at 288.1 eV as-
signed to COOH, is detected.[48] This is further evidence of the
indirect increase in atmospheric oxidation that the LiTFSI+tBP
dopants have on the Spiro-OMeTAD. It could also be the key to its
hygroscopic nature as strongly polar groups are known to attract
water molecules.

A wealth of information can be obtained from the UPS in-
cluding the secondary cut-off, the work function, and the ion-
ization potential which helps us build a picture of the HOMO
levels of the Spiro-OMeTAD. The UPS spectra are used to find
a common scale to compare our synchrotron valence bands for
the Spiro-OMeTAD. In the Supporting Information, a detailed
account is given of how the HOMO levels of an organic molecule
on a metallic substrate can be determined. It cannot be assumed
that the vacuum level is the same for the substrate and the or-
ganic and so this needs to be taken into account when calculat-
ing the HOMO levels.[49,50] It is worth noting that for the UPS, the
Spiro-OMeTAD was deposited on Ti foil with a thick TiO2 layer,
to negate any charging effects, as charging was observed with the
ITO glass substrates. In Figure S5a (Supporting Information),
the UPS spectra of the reference TiO2 and the Spiro-OMeTAD
are displayed, while Figure S5b (Supporting Information) shows
the XPS of the Ti 2p region. Figure S6 (Supporting Information)
uses the method from Ishii and Seki[50] to find the HOMO level
for the UPS spectra as well as the synchrotron spectra. It can be
seen that the spectra are practically identical from the two differ-
ent measurement techniques. The obtained value for the HOMO
level of the Spiro-OMeTAD was found to be 5.42 eV for both sam-
ples. Unfortunately, this method cannot be performed for all the
data here as we are missing the secondary cut offs for the syn-
chrotron samples. Using the vacuum level difference for the un-
doped Spiro-OMeTAD would not suffice for the doped samples
and would lead to inaccurate assignments for the HOMO levels.
Instead, as shown in Figure 5a, we reference all samples to the
Femi level and not the vacuum level. In this way, a comparative

Figure 5. a) Valence band spectra show similarities between the
DFT calculated spectra and the experimental Spiro-OMeTAD and the
OMeTAD+F4-TCNQ samples. The Spiro-OMeTAD+LiTFSI+tBP sample
on the other hand is distinct b) 𝜀F

HOMO levels of the different samples.

analysis can still be performed on the HOMO levels referenced to
the Fermi level (𝜀F

HOMO), as any shifts in energy between the sam-
ples are real shifts, although the energy scale is not absolute.[36]

Valence band spectra in Figure 5a were taken at a photon en-
ergy of 130 eV and allow for an extremely surface-sensitive mea-
surement of only the top couple of nanometers. For this reason,
the spectra were taken so that the electron emission was normal
with respect to the position of the electron energy analyzer, or
the angle between the sample and the beam was 45°, as shown
in Figure S3 (Supporting Information). This configuration al-
lowed for the deepest sampling depth, while still allowing sur-
face sensitivity. As confirmed by photoemission Survey spectra,
recorded alongside the valence band spectra, there is no signal
detected from the underlying TiO2 (Figure S7, Supporting Infor-
mation). Also shown in Figure 5a is the DFT calculated spectra
for the Spiro-OMeTAD with the main contribution bands labeled
A-G. The calculated and measured Spiro-OMeTAD spectra agree
very well and have the same overall shape. The 𝜀

F
HOMO for both

is observed to be the same at 1.42 eV, which is in good agree-
ment with the literature, Figure 5b.[36] The shape of the Spiro-
OMeTAD+LiTFSI+tBP is different from the Spiro-OMeTAD and
the Spiro-OMeTAD+F4-TCNQ samples. The bands labeled A, B,
and G, which are characteristic of the Spiro-OMeTAD film are
not visibly present in the Spiro-OMeTAD+LiTFSI+tBP sample.
Arguably, the broad area could be a convolution of bands C and
D. While a small contribution from band F is observed. Once
again pointing to an interface that is inhomogeneous due to the
dopants.

As the initial Spiro-OMeTAD+LiTFSI+tBP spectra were not as
expected, valence band spectra were also recorded at a different
angle along with the NEXAFS spectra, as seen in the dashed line
in Figure 5a,b. It is observed how the line shape changes as the
angle changes. Although the main role of the tBP is to disperse
the LiTFSI within the Spiro-OMeTAD film it is not fully effective,
and some agglomerations do still persist leading to an inhomo-
geneous surface.[30] When the beam is at 30° with respect to the
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sample, its shape is more similar to the other two samples. The
Spiro-OMeTAD contributions from the bands start to become vis-
ible, showing mixing of the Spiro-OMeTAD with the LiTFSI+tBP
dopants. However, when the beam is at 45° with respect to the
sample this similarity in shape is not observed. The position of
the sample was regularly changed to avoid beam damage, this
coupled with the increased surface sensitivity of the valence band
measurements lead the authors to believe that at this 45° angle,
the spectra is at an inhomogeneous region of the surface.

The other two samples are very similar, and this mirrors
what is observed in the NEXAFS spectra. The Spiro-OMeTAD
and the Spiro-OMeTAD+F4-TCNQ samples have similar spec-
tral shapes with only slight differences which are due to the F4-
TCNQ dopant. This again suggests that F4-TCNQ is most likely
homogenously distributed throughout the sample in a solid so-
lution.

Another interesting point to note from the valence band spec-
tra is the 𝜀

F
HOMO positions. The Spiro-OMeTAD+F4-TCNQ has

a 𝜀
F
HOMO of 1.15 eV. The combination of LiTFSI+tBP is gener-

ally thought of as a good p-type dopant that can enhance the
hole conductivity, due to its indirect oxidizing effect on the Spiro-
OMeTAD. For the area of the surface where there was homoge-
neous distribution of the Spiro-OMeTAD and the LiTFSI+tBP
dopants, a p-type behavior was observed and the 𝜀

F
HOMO was at

1.22 eV. However, when the sample is at the inhomogeneous re-
gion of the surface the 𝜀

F
HOMO is observed at a higher binding

energy position of 1.82 eV. The Spiro-OMeTAD+F4-TCNQ has
a lower 𝜀F

HOMO than the undoped Spiro-OMeTAD and the Spiro-
OMeTAD+LiTFSI+tBP making it more p-type and a more effi-
cient HTM, consistent with previous observations.[36]

3. Conclusion

In conclusion, using NEXAFS, the orientation of the Spiro-
OMeTAD molecule within the HTL has been investigated. The
complex 3D structure of the Spiro-OMeTAD shows no preferred
orientation as the spectra taken at different angles appear in-
distinguishable. The Spiro-OMeTAD is thermally stable up to
135 °C and stable under the synchrotron beam showing no
signs of decomposition. We have also investigated the conse-
quences of adding different dopants on the Spiro-OMeTAD. The
LiTFSI+tBP dopants exert an indirect effect of increasing atmo-
spheric oxidation by disrupting the Spiro-OMeTAD molecules
within the film which increase film porosity. This is apparent
in the C K-edge with i) an increase in the C─O─C compo-
nent peak, ii) the emergence of a pre-edge feature which is in-
dicative of C═O bonds, and iii) a new peak at 288.1 eV, at-
tributed to COOH, becomes visible when the angle of the beam
is at 90° (increased surface sensitivity). With the introduction
of F4-TCNQ to the Spiro-OMeTAD an increase is seen in the
C≡N component peak of the C K-edge. A peak also appears in
the N K-edge owing to the C≡N bonds in the F4-TCNQ. Both
dopants show excellent thermal stability up to 135 °C and re-
sistance to beam damage. Valence band spectra reveal that the
𝜀

F
HOMO for the Spiro-OMeTAD+LiTFSI+tBP (when the dopants

are homogenous) moves to a lower binding energy indicat-
ing that this dopant induces a p-type doping effect in the ma-
terial. While the 𝜀

F
HOMO of the Spiro-OMeTAD+F4-TCNQ has

an even lower binding energy indicating that this dopant in-

duces a larger p-type effect in the material. This work demon-
strates that F4-TCNQ is an excellent potential replacement for
LiTFSI+tBP as the dopant used with Spiro-OMeTAD. The F4-
TCNQ does not disrupt the Spiro-OMeTAD molecules as much
as LiTFSI+tBP that keeps film porosity lower, and it does not re-
tain moisture that could extend the lifetimes of perovskite de-
vices. Finally, as the valence bands show, the F4-TCNQ brings the
𝜀

F
HOMO closer to the Fermi level allowing for more efficient hole

transport.

4. Experimental Section
Sample Preparation: Indium tin oxide (ITO) covered glass ≈3 mm

thick, was coated in a compact TiO2 layer. 70 mg mL−1 of the synthesized
Spiro-OMeTAD, (Ossila, 99.8%, unsublimed) was dissolved in anhydrous
chlorobenzene (1 mL). Two sets of additives were added to the chloroben-
zene Spiro-OMeTAD solution. In one set, tris(bis(trifluoromethylsulfon-yl)
imide) (Sigma; Li-TFSI, 25 mol%) was added from a 1.8 m stock solution
in CH3CN along with tert-butylpyridine (Sigma; tBP, 12.5 mol.%). In the
second set, 7,7,8,8-tetracyano-2,3,5,6-tetrafluoroquinodimethane (Sigma,
F4-TCNQ, 12.5 mol%) was added. The final HTM solutions were spin-
coated onto the TiO2 layers at 2000 rpm for 45 s yielding a thick film
(≈100 nm) that visibly covered the entire substrate. For UPS measure-
ments, the Spiro-OMeTAD was deposited on TiO2 foil using an in vacuo
evaporation method. The Spiro-OMeTAD was placed on the substrate us-
ing a pipette and was dried by slowly turning on the roughing vacuum for
the UPS load lock. This process quickly removed the solvent and stopped
a thick contamination layer from forming on the Spiro-OMeTAD.

Near Edge X-Ray Fine Structure: Total electron yield (TEY) NEXAFS
measurements were performed on the MATLINE beamline at the ASTRID
II synchrotron in the University of Aarhus, Denmark. The usable photon
energy range was from 20 to 700 eV allowing for the acquisition of the
carbon, nitrogen, and oxygen K-edges. The base pressure of the system
was ca. 4×10−10 mbar. Each sample received two in vacuo anneals at 85
and 135 °C corresponding to the maximum expected thermal budget of
an installed solar cell and just above the glass transition temperature (Tg)
of the Spiro-OMeTAD (Tg = 125 °C), respectively. The samples were kept
at the dwell temperature for 1 h. For each sample, spectra were collected
with the synchrotron beam incidence at two different angles with respect
to the substrate, namely 30° and 90°. At each angle, the K-edge for the
carbon, nitrogen, and oxygen were recorded. Any change in the spectra at
the different angles would suggest a preferred orientation of the molecule.
Following each angle change and anneal the scan position was changed to
reduce any beam damage. The spectra were analyzed using Athena that is
part of the Demeter software package, version 0.9.26, specifically designed
for analysis of X-ray absorption spectra.[51] All data were normalized using
Athena’s normalization procedure.

Valence Band—Experimental and Density Functional Theory: Valence
band spectra were also taken at the same beamline all using a photon en-
ergy of 130 eV and a step size of 0.05 eV. The bands were recorded along
with the NEXAFS at different angles and at 45° to the beam. Valence band
data were recorded after each anneal as for the NEXAFS data and com-
pared with valence band spectra recorded with a laboratory-based UPS.
The laboratory-based UPS data were recorded using He I emission with a
photon energy of 21.22 eV, a pass energy of 10 eV, a step size of 0.02 eV.
The samples were calibrated to the Fermi edge of a reference TiO2 foil. The
DFT simulations were carried out using Gaussian 09 version D.01 soft-
ware package to calculate the optimized molecular geometries of Spiro-
OMeTAD.[52] The ground state calculations were performed at B3LYP/6-
31G(d,p) level in vacuum.
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