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Abstract  

The impact of nanoscale morphology on conductivity and Seebeck coefficient in p-type doped 

all-polymer blend systems is investigated. For a strongly phase separated system (P3HT:PTB7), 

we achieve a Seebeck coefficient that peaks at S ∼ 1100 µV/K with conductivity σ ∼ 3⋅10-3 S/cm 

for 90% PTB7. In marked contrast, for well mixed systems (P3HT:PTB7 with 5% DIO, 

P3HT:PCPDTBT), we find an almost constant S  ∼ 140 µV/K and σ ∼ 1 S/cm despite the energy 

levels being (virtually) identical in both cases. The results are interpreted in terms of a variable 
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range hopping (VRH) model where a peak in S and a minimum in σ arise when the percolation 

pathway contains both host and guest sites, in which the latter acts as energetic trap. For well-

mixed blends of the investigated compositions, VRH enables percolation pathways that only 

involve isolated guest sites, whereas the large distance between guest clusters in phase separated 

blends enforces (energetically unfavorable) hops via the host. The experimentally observed 

trends are in good agreement with the results of atomistic kinetic Monte Carlo simulations 

accounting for the differences in nanoscale morphology. 
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1. Introduction  

  Morphology heavily impacts the performance of organic electronic devices, especially in blends 

of disordered organic semiconductors (OSC), and consequently this is a hot research focus at 

present. For instance, in organic solar cells processing additives and the choice of solvent/co-

solvent and drying time have been varied to reach optimized blend morphologies.1–3 Kouijzer et 

al. predicted the morphology evolution of solution processed polymers-fullerene blends while 

going from liquid to film4, and the resulting phase separation with/without co-solvent in 

polymers-fullerene blends.5 In some cases, it is possible to qualitatively predict performance in 

relation to morphology, for example, by assuming the length scale of phase separation in 

photovoltaic blends gives an optimized PCE when it is about equal to the exciton diffusion 

length.6 In general, however, quantitative understanding of the relation between morphology and 

performance is still difficult. 

  It has recently become clear that morphology is –unsurprisingly– also a crucial factor when 

optimizing the thermoelectric properties of doped OSC. For example, Patel et al. revealed that 

the power factor in a doped OSC depends strongly on long-range ordering, and achieved a PF 

around 120 µW/m·K-2 by a morphology-preserving (vapor-based) doping process of the organic 

semiconductor.7 Hamidi-Sakr et al. showed the influence of morphology on anisotropic 

thermoelectric properties and charge transport in a family of F4TCNQ-doped single 

polythiophene derivatives with different alkyl side chains.8 Also in two-component blends (or 

three-component if one counts the dopant) like PEDOT derivatives, various types of processing 

techniques can be used to strongly influence the system’s conductivity σ, Seebeck coefficient S, 

thermal conductivity κ, or all.9–11 While it is known that the investigated processing techniques 

change the phase separation and ordering of the blend’s constituents, the effects on the power 
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factor 𝑃𝑃𝑃𝑃 = 𝑆𝑆2𝜎𝜎, and thereby on the thermoelectric figure of merit 𝑍𝑍𝑍𝑍 = 𝑃𝑃𝑃𝑃 𝜅𝜅⁄ 𝑍𝑍, are at best 

partially understood.12–14 The reported highest PF is over 300 µW/m·K-2 and ZT reaches 0.25 in 

a PEDOT-Tos system.15 Recently, Saxena et al. showed that an improvement of thermoelectric 

properties of PEDOT:PSS can be achieved by the introduction of silicon nanoparticles that 

simultaneously affect conductivity, thermopower and thermal conductivity.16 Lu et al. 

demonstrated that the thermoelectric properties of P3BT blended with insulating polystyrene 

compared to that of pure P3BT were improved by controlling the blend morphology to form an 

interpenetrating network.17 Otherwise, the insulating material in semiconductor/insulator blends 

mainly affects the conductivity via dilution effects while having a negligible impact on the 

Seebeck coefficient.18-19 In a previous work we showed that judicious blending of two OSC with 

different energy levels can be used to design the density of states such that it leads to very high 

thermopowers (>> 1000 µV/K) at reasonable conductivities, but the role of morphology was not 

addressed.19 Summarizing, while it is evident that multi-component blends of organic 

(semi)conductors and insulators offer unique opportunities for achieving high PF and ZT, there is 

still a limited understanding of the impact of morphology on the thermoelectric performance of 

these systems. 

Here, we experimentally and numerically investigate the conductivity and Seebeck coefficient 

for all-polymer blends of P3HTx:PTB71-x and P3HTx:PCPDTBT1-x (0 ≤ x ≤ 1). Surface doping 

by F4TCNQ is used to enhance conductivity without distorting the film morphology.20 While the 

energy levels in both blends are virtually identical, AFM images showed that the P3HT:PTB7 

system inclined to phase separation whereas the P3HT:PCPDTBT system mixed well for all 

compositions. For the P3HTx:PTB71-x system we found that the thermopower peaked at S ~ 1100 

µV/K for x = 0.9. In stark contrast, S was almost constant at S ~ 150 µV/K for the 
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P3HT:PCPDTBT system. When 5% DIO was added into P3HT0.1:PTB70.9 to suppress the phase 

separation, the Seebeck coefficient dropped to S ~ 400 µV/K. We demonstrate that the observed 

changes in Seebeck coefficient and conductivity can directly be correlated to the morphology by 

assuming that charge and energy transport in our devices occurs by a variable range hopping 

(VRH) process. An important and general consequence of this is that in well-mixed binary 

blends, electron (hole) transport is dominated by the compound with the lowest LUMO (highest 

HOMO), even if this ‘trapping’ compound makes up only ∼5–10% of all sites. A kinetic Monto 

Carlo model that is based on VRH is able to reproduce the key features of our experiments.  

2.  Results and discussion 

2.1 Energy levels and morphology  

  We chose two conjugated polymers with nominally the same energy levels, PTB7 and 

PCPDTBT, and blended these with P3HT, covering the full binary composition range. The 

ionization potential (IP) and Fermi energy of the three CPs were investigated by ultraviolet 

photoemission spectroscopy (UPS). The UPS spectra and the extracted IP and EF values are 

shown as Figure S2 and Table 1 in the Supporting Information (SI). The IP value of PTB7 (5.03 

eV) was indeed virtually identical to that of PCPDTBT (5.00 eV). A series of films was 

fabricated by spin-coating P3HTx:PTB71-x and P3HTx:PCPDTBT1-x, (0 ≤ x ≤ 1) from o-DCB 

solutions, and the morphologies were investigated by atomic force microscopy (AFM) as shown 

in Figure 1. The tapping mode AFM height images show very distinct blend morphologies for 

P3HT blended with PTB7 or PCPDTBT. The former shows pronounced phase separation 

whereas the latter shows no signs of phase separation on length scales that can be resolved by 

AFM, i.e. a few nm and up. Note that in this case the phase contrast images (not shown) did not 

yield any additional information, i.e. they are fully consistent with the topography images. In 
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particular, at 10% P3HT in PTB7, the P3HT-rich fraction formed clusters (dark areas in Figure 

1b) with sizes varying around ∼100–200 nm, distributed in a PTB7-rich matrix, indicative of a 

spinodal decomposition process.4 In contrast, P3HT:PCPDTBT with the same (10% P3HT) ratio 

shows a very well mixed morphology (Figure 1e). AFM images covering the full composition 

range are shown in Figure S1; 2D FFT spectra corresponding to Figure 1 are shown in Figure S2. 

 

Figure 1. AFM height images for P3HTx:PTB71-x (a-c) and P3HTx:PCPDTBT1-x (d-f) for x = 

0.6 (a, d); x = 0.1 (b, e); x = 0 (c, f). All scans are 5×5 µm. 

2.2 Conductivity and Seebeck coefficient 

  The thermoelectric properties of the two blend systems studied above were investigated by 

measuring the conductivity and Seebeck coefficient on lateral (in-plane) devices of P3HT 

blended with PTB7 or PCPDTBT. The active layer was p-type doped with F4TCNQ using 

sequential doping, i.e. by spin coating a dopant-containing solution over the previously spin 

coated blend film, minimizing the perturbation of the morphology.20 The results are shown in 

Figure 2, together with the corresponding power factor 𝑃𝑃𝑃𝑃 = 𝜎𝜎𝑆𝑆2. Full experimental details are 

given in the Experimental section.  



 7 

 

Figure 2. Conductivity, Seebeck coefficient and power factor (PF) for P3HT:PTB7 (a, data taken 

from our previous work Ref.19); P3HT:PCPDTBT (b), dependent on active layer composition. 

  The IP of P3HT (4.7 eV) is lower than that of PTB7 (5.0 eV), which leads to a more efficient 

electron transfer from the HOMO of P3HT to the LUMO of F4TCNQ (electron affinity 5.24 eV, 

Ref.21), giving a conductivity of pure P3HT of over 4 S/cm, whereas a conductivity of pure 

PTB7 ~ 6×10-3 S/cm is found. The corresponding Seebeck coefficients are S ~ 142 and 469 

µV/K, respectively, consistent with a lower doping level in PTB7. When P3HT is blended with 

90% PTB7, the Seebeck coefficient reaches a peak value of over 1100 µV/K, as we 

demonstrated in a previous work.19 In that work, we argued that the reason for the peak is the 

fact that the small P3HT fraction causes a controlled ‘trap’ level in the PTB7-dominated density 

of states (DOS) that pins the Fermi level 𝐸𝐸𝐹𝐹 while the transport level 𝐸𝐸𝑡𝑡𝑡𝑡 remains near the main 

(PTB7) DOS maximum. This leads to a high Seebeck coefficient as S = (EF − Etr) T⁄ . 

  Despite having a similar IP, the conductivity of pure PCPDTBT is substantially higher than that 

of pure PTB7, which we tentatively attribute to a lower disorder and/or a higher attempt-to-hop 

frequency, which is out of the scope of the present paper. We also note that both blend systems 

show a slight drop in conductivity when moving away from a single material, which we attribute 

to the minority compound perturbing the morphology of the pristine majority compound. More 
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interestingly, we found that, at the same ratio of 90% PCPDTBT, no peak in the Seebeck 

coefficient appeared. In fact, the Seebeck coefficient is almost constant regardless of the 

P3HT:PCPDTBT blend ratio. This behavior is inconsistent with the predictions of our previous 

model.19 Below, we will show that indeed the reason for the different trend in Seebeck 

coefficient lies in the morphology and we will extend our model accordingly.  

2.3 Morphology-dependent thermopower 

  To explain the impact of morphology on the thermopower in blends of OSC, we propose the 

mechanism shown in Figure 3. As before, we assume that charge transport in OSC occurs 

through thermally activated tunneling, i.e. hopping. In contrast to our original work, we will take 

non-nearest neighbor hopping into account, i.e. we will consider variable range hopping (VRH). 

According to percolation theory, the conductivity in a VRH system is governed by pathways that 

optimize the trade-off between hopping to sites that are near in energy (that statistically will not 

always be spatially nearby) and sites that are spatially near (that statistically will be further away 

in energy). The parameter quantifying the penalty for hopping over longer distances is the 

localization radius α, according to 𝑝𝑝 ∝ exp�−2𝛼𝛼𝑟𝑟𝑖𝑖𝑖𝑖� with p the tunneling probability and 𝑟𝑟𝑖𝑖𝑖𝑖 the 

distance between initial and final sites. Figure 3 illustrates the site distribution, percolation 

pathways and DOS with 𝐸𝐸𝐹𝐹 and 𝐸𝐸𝑡𝑡𝑡𝑡 in phase-separated and well-mixed morphologies. Since 

material A has a HOMO that sits closer to the vacuum level than material B, most mobile 

charges (holes) and therefore 𝐸𝐸𝐹𝐹 will be located in the part of the DOS that corresponds to 

material A, provided that the charge carrier concentration is less than the concentration of the 

minority material A. For the present case, the doping method makes an accurate dopant or charge 

carrier determination hard, but previously we estimated the doping concentration to be around 
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10-2,19 i.e. significantly less than even the smallest concentration of minority material used (10 

wt%); we anticipate this condition to be met for most practical situations. 

 

Figure 3. Schematic overview of (top) the site distribution in a 2-component blend (dashed 

circles indicate the typical hopping distance; green arrows indicate the hopping path); (middle) 

corresponding energy diagram; (bottom) density of states and characteristic energies, in (left) 

phase separated and (right) well-mixed morphologies with the same blend ratio. Materials A and 

B are indicated by red and black colors, respectively. 

In case of strong phase separation, material A forms clusters in material B that are far away 

from each other, i.e. the individual clusters are not within a typical tunneling distance of each 

other. In Figure 3 (left side) this is indicated by the dashed circle being smaller than the typical 
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inter-cluster distance. Hence, the percolating pathway must contain sites from material B, as 

indicated by the green arrows. This, in turn, causes the transport energy to shift towards the DOS 

of material B as shown in the left bottom panel. Since the Fermi energy is still located on 

material A, this leads to a high Seebeck coefficient S ∝ EF − Etr. For a well-mixed blend 

morphology, material A sites are randomly distributed in material B. In this case it is possible to 

form a percolating path that only includes sites from material A since the typical distance 

between sites of material A is less than the dashed circle in Figure 3 (right side). Therefore, the 

transport energy and Fermi energy are both located on the DOS of material A, and the Seebeck 

coefficient remains largely unaffected by the blending with material B. In other words, a 

measurement of the Seebeck coefficient of a blend material can effectively reveal which sites are 

involved in the electronic transport. In addition, it can act as an indirect measure of morphology. 

2.4 kinetic Monte Carlo simulations 

To confirm that the mechanism of Figure 3 can indeed explain the morphology dependent 

behavior of the conductivity and thermopower shown in Figure 2, we carried out numerical 

kinetic Monte Carlo simulations. The model is similar to the one we used in our previous work 

Ref. 19, with the important differences that non-nearest neighbor hops are possible and that (more 

realistic) random lattices can be (and have been) used. Hopping probabilities are calculated using 

the Miller-Abrahams rates, with site energies that account for both the typical Gaussian disorder 

and the full Coulomb interactions with all (static) ionized dopants and all other mobile charges. 

Sites representing materials A and B only differ in HOMO energy, i.e. all other parameters are 

taken equal for simplicity. Initially, A and B sites are randomly assigned to lattice sites. 

Clustered morphologies are generated using the numerical annealing procedure developed by 

Peumans et al.22,23 Typical examples of the used morphologies are shown in Figure 4. 
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We should here point out that Figure 3 and its implementation in the numerical model are 

conceptual only – e.g. the length scales of phase separation in the actual samples of several 

hundreds of nm, see Figure 1, do not at all match those in the simulations, see Figure 4. The 

typical length scale in the latter is the mean inter-site distance aNN, which is related to the 

mobility prefactor as 𝜇𝜇0 ∝ 𝑎𝑎𝑁𝑁𝑁𝑁2 . We do think the concept (and model) are relevant to the actual 

system as we expect the percolation problem to be largely scale invariant. The quasi-quantitative 

agreement with experiment of the model results presented below confirms this notion. 

 

Figure 4. (a) Conductivity, Seebeck coefficient and power factor vs. composition from kinetic 

Monto Carlo simulations for Ax:B1-x mixtures with clusters (solid lines) and without clusters 

(dashed lines). (b) and (c) Typical morphologies used in kinetic Monto Carlo simulations for 
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A10:B90 mixtures w/ and w/o clustering of the A component. Parameters used are the HOMO 

energy difference ∆EHOMO = 0.3 eV and doping concentrations c = 10-3; the attempt to hop 

frequency ν0 = 10-13 s−1; intersite distance aNN = 1.8 nm; Gaussian disorder σDOS = 0.075 eV; 

temperature T = 300 K; HOMOA - LUMOdopant = 0.24 eV; inverse localization radius α = 0.5 

nm; correlation radius of the A compound clusters in units of aNN rC = 1.5 or 0. 

The trends in conductivity and thermopower that were calculated from the kinetic Monte Carlo 

model are consistent with those observed experimentally, both for phase separated (P3HT:PTB7) 

and well-mixed (P3HT:PCPDTBT) morphologies, see Figure 4a. In particular, the distinct 

behavior of the peak in thermopower for the different morphologies is well reproduced. We 

attribute the different values of the baseline of the thermopower in experiment (S ≈ 200 µV/K) 

and simulation (S ≈ 900 µV/K) to the relatively low (c = 10-3) doping concentration that we used 

in the latter. For the same reason the simulated conductivity is about 2 orders of magnitude lower 

than in the experiment. Unfortunately, calculation times become prohibitively large at higher 

concentrations. These differences notwithstanding, the numerical experiments in Figure 4 

confirm the viability of the concept illustrated in Figure 3 and rationalize the experimental results 

in Figure 2. 

2.5 Controlling thermopower through morphology 

To also experimentally test the proposed relation between morphology and thermoelectric 

properties, we repeated the conductivity and thermopower measurements on P3HT:PTB7 films 

to which 5% DIO by volume was added to the casting solution to suppress phase separation.24,25 

The AFM height images, shown for P3HT0.1:PTB70.9 in Figure 5, indicate that indeed the phase 

separation is strongly suppressed by the DIO; AFM images at other compositions can be found 

in SI Figure S3. Importantly, the peak in thermopower vanishes with suppressed phase 
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separation while the conductivity increases, see the solid lines in Figure 5a. This finding is 

consistent with the results of the simulations in Figure 4 and also experimentally confirms our 

interpretation in terms of morphology of the difference in thermoelectric behavior between the 

P3HT:PTB7 and P3HT:PCPDTBT systems. 

 

Figure 5. (a) Conductivity, Seebeck coefficient and power factor (PF) for P3HT:PTB7 with 5% 

DIO dependent on active layer composition. Dashed lines are data from Figure 2a, i.e. without 

DIO; thin solid lines indicate an interpolation between binary extremes using an effective 

medium model. AFM image for P3HT0.1:PTB70.9 without DIO (b) and with 5% DIO (c). 

The thin solid lines in Figure 5 show the interpolation between the binary extremes using an 

effective medium model, viz. and S(x) = (xσASA + (1 − x)σBSB) (xσA + (1 − x)σB)⁄ , and 

𝜎𝜎(𝑥𝑥) = xσA + (1 − x)σB, with x the fraction of material B and 𝑆𝑆𝐴𝐴/𝐵𝐵 and 𝜎𝜎𝐴𝐴/𝐵𝐵 the values of the 
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pure compounds, to highlight the fact that peaked shape of the S vs. composition curves is not a 

straightforward blending effect.19 For the DIO-treated material, S of the blend can be reasonably 

well approximated by the effective medium model, i.e. a linear combination of the Seebeck 

coefficients of the constituents weighted by their electrical conductivities. This may seem 

counterintuitive as pure (or enriched) phases can only be identified in the pristine blend, for 

which the effective medium scheme evidently fails to reproduce the peak in S. The reason for 

this failure is twofold. First, it seems unlikely that the minority phases in Figures 1a,b and 5b 

percolate in the in-plane direction, i.e. they do not form a parallel conduction channel as assumed 

in the expression for S(x). Second, the effective medium model ignores the electronic 

interactions in the form of hopping between A and B sites that we have shown to be key in 

organic thermoelectric blends.19 

Having shown the consistency of our findings with VRH, we should stress that the absence of 

an increased thermopower at 5–10% of material A in Figure 2b, i.e. for 5–10% P3HT in 

PCPDTBT, cannot be understood by only considering nearest neighbor hops. In this 

concentration range only 1 in 10–20 sites is material A. To form a percolating network that only 

contains A-sites, each A-site must be connected to at least 2 other A-sites – one bond ‘in’ and 

one bond ‘out’, see Figure 3. Since the number of nearest neighbor sites is ∼10 (the coordination 

number is 6 and 12 for simple cubic and face-centered cubic lattices, respectively) this translates 

into the demand that at least 1 in ∼5 sites is of the A-type. This is inconsistent with the actual 

concentration of 1 in 10–20. The implication of this is that also for well-mixed morphologies and 

variable range hopping, it should be possible to obtain a peak in S at very low concentrations of 

the ‘trapping’ compound A, when the inter-(A-)site distance is sufficiently large. We failed to 

realize this in experiments, which we attribute to the difficulty in actually forming the required 
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diluted morphologies and the increasing importance of parallel conduction pathways in the 

majority material.19 

3. Conclusion 

In conclusion, we investigated the conductivity and thermopower of P3HT blended with two 

other polymers (PTB7 and PCPDTBT) that have a nearly identical ionization potential as 

measured by UPS. For P3HT:PTB7, the Seebeck coefficient peaked at ∼1100 µV/K for 10 % 

P3HT, whereas no peak was observed for P3HT:PCPDTBT. AFM images showed pronounced 

phase separation in P3HT:PTB7 blends but not in P3HT:PCPDTBT blends that appeared well-

mixed at all ratios. We used a percolation argument to qualitatively understand how the 

morphology determines the conductivity and the thermopower. The results of explicit numerical 

simulations using a kinetic Monte Carlo model are in good agreement with the experimental 

data, confirming the proposed mechanism. In addition, adding 5% DIO in P3HT:PTB7 to 

suppress the phase separation makes the peak in S disappeared, corroborating the proposed 

relation between morphology and thermopower. 

We think these findings have a significant relevance beyond the design of high-performance 

thermoelectrics. They show that in well-mixed binary blends of organic semiconductors, as e.g. 

used in binary and ternary solar cells, charge transport is dominated by the compound with the 

lowest LUMO, or highest HOMO for hole transport, even if this compound makes up only a 

small fraction of all sites; the other compound(s) act merely as an inert matrix, unless phase 

separation or extreme dilution increases the inter ‘trap’ distance beyond the (variable) hopping 

range.26 The desired degree of phase separation will depend on the application, with phase 

separation in pure domains being desired for high-thermopower applications while being 

undesired for high conductivity. Of course, these rules of thumb break down when phase 
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separation occurs on the length scale of the distance between the contacts, as can easily happen 

in out-of-plane devices like diodes and solar cells. 

 

Experimental Section  

Materials: Regioregular-poly(3-hexylthiophene-2,5-diyl) (rr-P3HT), Poly({4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl) 

carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7), and Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta [2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) were 

purchased from 1-Material Inc. 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ) was purchased from Ossila. 

Device fabrication: P3HT, PTB7, and PCPDTBT were dissolved in ortho-dichlorobenzene (o-

DCB), respectively, to make solutions of 25 mg/ml. F4TCNQ was dissolved in a mixture of 

tetrahydrofuran (THF) and dichloromethane (DCM) in a 4:1 ratio at a concentration of 5 mg/ml. 

P3HT and PTB7 (or PCPDTBT) solutions were mixed by volume to get the desired blend ratio 

(from 0% to 100% in steps of 10%). For some P3HT:PTB7 solutions 5% DIO by volume was 

added to suppress phase separation. The active layers were spin-coated (1000 rpm for 60 seconds 

and then 3000 rpm for 20 seconds) on top of cleaned glass substrates to get a thickness around 

150 nm as measured with a Dektak surface profilometer. F4TCNQ was spin-coated on top of the 

active layer at 3000 rpm for 40 seconds. After that the MoO3 (9 nm) / Al (90 nm) contacts were 

evaporated through a shadow mask under a pressure of 1×10-6 mbar. 

Conductivity and Seebeck coefficient measurement: Room temperature electrical 

characterizations were performed in a glove box under dry N2 atmosphere. Current-voltage 

characteristics were obtained between -50mV and 50mV and conductivities calculated according 
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to 𝜎𝜎 = 𝐽𝐽 𝑃𝑃⁄ , where J and F are the current density and electric field, respectively. The 

thermopower was obtained by applying a linear temperature gradient of various magnitudes ∆T 

along the sample and recording the shift of the JV characteristics at the end of a settling time of 

ca. 400 seconds. From the change of the thermovoltage ∆𝑉𝑉 as a function of ∆T the thermopower 

can be calculated as ∆𝑉𝑉 = 𝑆𝑆∆𝑍𝑍. In general, all electrical measurements have been done in a 

Kelvin-probe (4-probe) geometry. 

AFM measurement: AFM images were taken using a Veeco Dimension 3100 AFM in tapping 

(intermittent contact) mode in air using a Nanosensors NCHR tip with a nominal apex 

radius < 10 nm. 

UPS measurement: Ultraviolet photoemission spectroscopy (UPS) experiments were carried 

out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum (1×10-10 mbar) with a standard 

He-discharge lamp with HeI 21.22 eV. The total energy resolution of the UPS measurement is 

about 80 meV as extracted from the width of the Fermi level of clean gold foil. All spectra were 

collected at a photoelectron takeoff angle of 0° (normal emission). The work functions of the 

films were extracted from the determination of the high binding-energy cutoff of the UPS spectra 

by applying a bias of -3 V to the sample. 
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