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1 Calculation of conductivity

The conductivity of the films was calculated using the following equation:

ρ = Rs · t (1)

σ =
1

ρ
(2)

where ρ is the bulk resistivity, Rs is the sheet resistance, t is the film thickness, and σ

is the film conductivity. The thickness (measured with ellipsometry) and sheet resistance

measurements were performed immediately after annealing to minimize any swelling of the

film due to ambient water absorption. A total of four sheet resistance measurements for each

sample were taken (see table S1).

Table S1: Sheet resistance and thickness values obtained for the pristine, 10, and 20 mM doped samples.

Sample Rs1(Ω/�) Rs2(Ω/�) Rs3(Ω/�) Rs4(Ω/�) t(cm)
Pristine 1.03E+07 9.24E+06 8.35E+06 8.79E+06 3.84E-06
10 mM 1.60E+07 1.37E+07 1.07E+07 1.68E+07 4.74E-06
20 mM 1.84E+05 1.21E+05 1.64E+05 7.87E+05 6.27E-06

2 Silicon oxide layer study

In order to corroborate that the first modeled layer (one above the Si substrate) is a true

reflection of the substrate used for the pristine sample despite the unexpectedly thick SiO2

layer, ellipsometry was conducted on the same sample that was measured with NR. This

was done by removing the PEDOT:PSS from half the surface of the substrate with D.I.

water and a cotton swab. Figure S1a shows the Psi and Delta values from the ellipsometry

measurement along with their respective fits obtained by modelling a 5 nm thick oxidized

layer on top of a Si layer. The relative similarity between the fits and the measured data

suggests that the native oxide layer is ≈ 5 nm. To further corroborate that the 4.44 nm
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layer determined by NR is a native oxide, atomic force microscopy (AFM) was conducted

on the same cleaned substrate to obtain the roughness of the surface. The measured σRMS

by AFM was 0.92± 0.05 nm which is comparable to the 0.66 nm given by NR. In addition

to this, the SLD of the NR fitted layer was 3.17× 10−6 Å-2 which is in between the standard

values for SiO (2.90× 10−6 Å-2) and SiO2 (4.19× 10−6 Å-2). Given the previous evidence it

is proposed that the layer on top of the silicon substrate is a slightly thicker than expected

oxide layer. It is worth noting that this particular substrate came from a different batch of

Si substrates, and was cleaned with a different process (using a H2O2 solution) than the one

described in the methodology section of the main manuscript.

(a)
(b)

Figure S1: Ellipsometry data and fits (a) and AFM produced height image (b) for the SiO2

layer.

3 Additional validation of the quality of the fit argument

In order to corroborate our findings in the neutron reflectivity section of this paper, we

decided to further test the validity of our models by applying a two polymer layers model to

the pristine sample and a three polymers layers model to the 10 mM sample. If the one layer

model for the pristine sample had a χ2 very similar to the one of the two layer model then

we could confirm that the one layer model describes correctly the pristine film structure.
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Moreover, if the three layer model for the 10 mM sample has a χ2 very similar to the two

layer model then we can corroborate that the two layer model correctly describes the film

structure as well. The results can be seen in figure S2.

(a) (b)

Figure S2: Neutron reflectivity plotted as RQ4 data for (a) the pristine film and its corresponding fits using

a one layer model (black line), a two layer model (green spaced line), and for (b) the 10 mM film and its

corresponding fits using a two layer model (black line) and a three layer model (green spaced line) both under

the same simulation conditions . The χ2 values of each fit are shown for comparison of quality of the fits.

Table S2: Thickness (D), root mean square roughness (σRMS), and scattering length density (SLD) resulting

from modelling a 2 layer and 3 layer model for the pristine and 10 mM sample respectively.

Pristine (2 layer model)
D (nm) σRMS (nm) SLD (10-6Å-2)

Top Layer 39.78 2.43 1.5
Bottom Layer 8.51 4.94 1.28

10 mM (3 layer model)
D (nm) σRMS (nm) SLD (10-6Å-2)

Top Layer 43.6 1.16 1.37
Middle Layer 2.13 1.91 1.47
Bottom Layer 10.1 6.48 1.07

As it can be appreciated in figure S2a, the χ2 values of one layer and two layer models for

the pristine sample are 6.77 and 6.25 respectively, which are very similar (7.7% improvement

of the quality of the fit from the one layer model to the two layer model). This implies that

the one layer model is the best interpretation for this film structure. Figure S2b shows as
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well two similar χ2 values from the three layers (2.95) and two layers (2.89) model for the

10 mM sample (2.1% increase from the two layer model to the three layer model) indicating

that, based on the Occam’s Razor’s principle,1 the two layer model is the best interpretation

for this film structure.

4 Beyond the chi squared analysis of the models

To further confirm our findings, we performed an additional analysis for all the models

presented in this work based on the following considerations:

1. Free fitting all the parameters of the system (i.e. SiO2, PEDOT:PSS and additional

layers).

2. Fitting the system with the SiO2 layer highly constrained to represent consistency

across the different wafers.

3. Fitting the systems with n+1 layers of PEDOT:PSS, where n is the number of layers

which gives the best fit.

The anlysis of the fits were based on the following consierations:

1. The goodness of the fit, which is represented by the probabilistic evidence.

2. The change in SLD and the data’s sensitivity to it.

3. Improvement of the fit over a simpler model

All of the fits were contstrained to the Nevot Croce theory,2 so roughness could not

be more than half the layer thickness, and no sharp transitions were allowed. Fits were

stopped when the models were stable to perturbation, i.e. obtain a fit, then change one of

the parameters then refit and the same solution is achieved. The normalisation constant

used was a log with error-bar based figure of merit (described in GenX help) as this gave
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greater sensitivity across the range of Q. The reflectivity curves are all of high enough quality

to resolve the differences we are looking at.

4.1 Native oxide layer

This was set for all wafers to be around 40 Å1 thick, with an SLD around 3.5× 10−6 Å-2.

4.2 Pristine PEDOT:PSS

Table S3: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from 1

layer and 2 layer models for the pristine sample.

Pristine PEDOT:PSS
1 layer 2 layers

FOM 1.65 1.648
SLD 1 (10-6Å-2) 1.399 1.4
SLD 2 (10-6Å-2) - 1.399

Total thickness (Å) 481 481

As shown in table S3 , and figures S3 and S4 the data is clearly described as well as

it could be using a single PEDOT-PSS layer. The SLD and fit curves both look almost

identical for the 1 and 2 layer models.
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Figure S3: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the pristine sample

in GenX.
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Figure S4: Neutron reflectivity data, fit, and fitting parameters for the 2 layer model of the pristine sample

in GenX.

4.3 10 mM DYMAP doped PEDOT:PSS

Table S4: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from 1

layer, 2 layers, and 3 layer models for the 10 mM sample.

10 mM DYMAP doped PEDOT:PSS
1 layer 2 layers 3 layers

FOM 1.28 1.10 1.10
SLD 1 (10-6Å-2) 1.16 1.11 1.11
SLD 2 (10-6Å-2) - 1.24 1.18
SLD 3 (10-6Å-2) - - 1.24

Total thickness (Å) 554 554 554

As shown in table S4 and figures S5, S6, and S7 the fit here is improved both by the
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metric of FOM, and visually, by the splitting of the PEDOT:PSS into two distinct layers.

Adding a third layer to the system does not improve the FOM, but interestingly does seem

to reproduce the SLD of the 2 layer model, suggesting a stable minima in the fit.

Compared to the pristine film, this film (10 mM) is thicker and has a lower SLD. The

preparation of the films was identical in the procedure, but the addition of the DYMAP

does increase the viscosity of the solution, thus a thicker film is expected. In addition, since

DYMAP causes the films to swell in this system, it is also likely to have changed the SLD of

the film. Since the combination of increased viscosity and swelling can both have the same

effect, we cannot easily disentangle each’s contribution.

Figure S5: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the 10 mM sample

in GenX.
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Figure S6: Neutron reflectivity data, fit, and fitting parameters for the 1 layer and 2 layer models of the

10 mM sample in GenX.
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Figure S7: Neutron reflectivity data, fit, and fitting parameters for the 1 layer, 2 layers, and 3 layer models

of the 10 mM sample in GenX.

4.4 20 mM DYMAP doped PEDOT:PSS

Table S5: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from 1

layer, 2 layers, and 3 layer models for the 10 mM sample.

20 mM DYMAP doped PEDOT:PSS
1 layer 2 layers 3 layers

FOM 1.03 0.99 0.95
SLD 1 (10-6Å-2) 0.81 0.69 1.08
SLD 2 (10-6Å-2) - 0.87 0.82
SLD 3 (10-6Å-2) - - 1.18

Total thickness (Å) 771 791 778

As shown by table S5 and figures S8, S9, and S10 the changes in FOM elicited by the
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increase in layers are less clear cut in this sample. The SLDs of the films are again reduced

with respect to the undoped sample, and the thickness again increased. As discussed for the

10mM sample, this is not unexpected, nor easily anlysed further.

The SLD change for the two layer structure is less than half that of the 10mM sample and

possibly pushing the limits of what sort of change would be detectable for an NR experiment.

A similar size of SLD change is seen in the three layer model. In the three layer and two

layer models we see that for the first time, the total thickness does not agree across the three

fits. This is possibly due to the fact that the top layer of the such models is a change to

the top interface, making a previously rough looking interface into almost a step function.

Since the fits and the FOM’s are nearly identical, we can say that we do not have the ability

to distinguish between the two models. However, Occam’s razor1 would suggest to take

a model with less parameters and a similar goodness of fit. Overall, the 20 mM sample’s

models with additional layers do not improve the agreement with the data enough to justify

their inclusion. If any additional layers might be present, the SLD’s would suggest a slightly

lower SLD layer nearer the Si surface, in the same manner that we saw with the 10mM film.

However, to conclude this would not be reasonable given the experimental data. Therefore

we conclude that this film is best described by a single layer model.

S-12



Figure S8: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the 20mM sample

in GenX.
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Figure S9: Neutron reflectivity data, fit, and fitting parameters for the 2 layer model of the 20 mM sample

in GenX.
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Figure S10: Neutron reflectivity data, fit, and fitting parameters for the 3 layer model of the 20 mM sample

in GenX.

5 Device performance

The photovoltaic performance of devices fabricated with pristine, 10 mM, and 20 mM doped

PEDOT:PSS as a HTL is shown in figure S11.
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(a) (b)

Figure S11: (a) Photovoltaic performance of PCDTBT:PC71BM based devices with pristine, 10 mM, and

20 mM DYMAP doped PEDOT:PSS used as the HTL. N equals number of devices measured, the height of

the box represents the standard error, the top and bottom ticks are the maximum and minimum value, the

horizontal line in the box is the median, and the circle in the middle of the box is the mean average value.

(b) I-V curve and photovoltaic parameters of the best performing pixel for each type of device fabricated.

We were expecting to see an increase in the power conversion efficiency (PCE) of the

20 mM sample since its conductivity is significantly increased by more than one order of

magnitude compared to the pristine and the 10 mM sample. However not only the overall

PCE of the devices went down from 4.5% to 3.5% and 2.9% as the concentration of DYMAP

increased, but also all the other photovoltaic parameters decreased as it can be appreciated

in figure S11a. Moreover the I-V curves (figure S11b) of the best performing devices for

each HTL show a clear detriment in the quality of the devices as a function of the doping

concentration. We attribute these trends to the quality of the contact between the active layer

and the different hole transporting layers. During the spin coating step of the fabrication

process the doped films demonstrated an increased phobic behaviour towards the solvent

(chlorobenzene)in which the active layer was diluted. This resulted in difficulties spin-coating

the active layer onto the doped PEDOT:PSS films evidenced by areas on the HTL layer

that were not coated due to the surface repelling the active layer solution. This effect was

considerably more intense, and hence more evident in the 20 mM doped sample compared

to the 10 mM doped one which explains the wider error bars of the 20 mM data in figure
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S11a. In order to corroborate that the doped samples exhibit a phobic behaviour towards

chlorobenzene, we conducted contact angle measurements on the pristine, 10 mM, and 20

mM doped samples by dropping 5 µL of chlorobenzene on the surface of each sample. As

shown in figure S12 the contact angle increases from 10.58◦ to 16.15◦ from the pristine to the

10 mM doped sample respectively confirming and increased phobic behaviour of the doped

sample towards chlorobenzene. This phobic behaviour was found to have a correlation with

the doping concentration since the contact angle of the 20 mM doped sample was 20.48◦.

These results confirmed that the doped samples develop a phobic behaviour towards the

active layer solvent. The increased phobic behaviour of the DYMAP doped PEDOT:PSS film

hinders the quality of the contact between the HTL and the active layer due to the increased

dewetting. This slightly increases the series resistance of the devices and most prominently

decreases their shunt resistance (as shown by the shape of the I-V curves in figure S11b)

allowing for a leakage current to hinder the photovoltaic parameters and performance of the

solar cells using DYMAP doped PEDOT:PSS. It is worth mentioning that the champion

10 mM and 20 mM devices had an almost identical open circuit voltage (Voc) which is

definitely lower than that one of the undoped sample. This indicates that the HOMO and

LUMO levels of the HTL film may be shifted by the inclusion of DYMAP in PEDOT:PSS

modifying its electron blocking capabilities. This could lead to more recombination events

within the device and hence a poor performance. For future work in device fabrication with

DYMAP doped PEDOT:PSS as an HTL we suggest investigating an improved methodology

to enhance the contact between the doped HTL films and the active layer. Additionally we

recommend a study on the energy levels dependence of DYMAP doped PEDOT:PSS films

as a function of the dopant concentration and their electron blocking capabilities.
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Figure S12: Contact angle images of the pristine (a and d), 10 mM (b and d), and 20 mM (c and f)

DYMAP doped samples. 5 µL of chlorobenzene were dropped on top of the films for these measurements.
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