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SI 1. The evaporation temperatures (Te) of organic semiconductors under different 

Pdep. 

 

 

Table S1 

Samples Pdep (Pa) Te (℃) 

F16CuPc 

10−4 320-350 

10−3 320-350 

10−2 330-360 

10−1 370-400 

pentacene 

10−4 130-170 

10−3 130-170 

10−2 140-180 

10−1 170-210 

2 220-260 

10 240-300 

TIPS-pentacene 

10−4 140-180 

10−3 140-180 

10−2 160-200 

10−1 190-230 

C60 

10−4 310-370 

10−3 310-370 

10−2 320-390 

10−1 340-410 

 

 

 

 

 

 

 

 

 

 

 

 



 

SI 2. Starting configurations for molecular dynamic simulations. 

Figure S1. Starting configurations of molecular dynamic simulations for F16CuPc (a), 

pentacene (b), TIPS-pentacene (c), and C60 (d) molecules deposited under different 

Pdep. The number of deposited molecules (F16CuPc, pentacene, TIPS-pentacene, and 

C60) versus N2 molecules was estimated by the collision theory according to the 

experimental condition. 
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SI 3. AFM images of sub-monolayer organic films. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. AFM images of sub-monolayer F16CuPc, pentacene and TIPS- pentacene 

films deposited under10-4 and 10-1 (or 10-2) Pa. 

Note: The increased grain sizes of sub-monolayer films are obtained under high Pdep 

of 10-1 or 10-2 Pa, suggesting the decreased nucleation density, which probably due to 

the enhanced collision and diffusion of organic semiconductor molecules under high 

Pdep.
 S1, S2 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. AFM images for pentacene films with the thickness of 1, 2 and 5 

molecular layers (ML) deposited under10-4 and 10-1 Pa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

400 nm 

400 nm 

1 µm 

1 µm 200 nm 

200 nm 

10
-4

 Pa 10
-4

 Pa 10
-4

 Pa 

10
-1

 Pa 10
-1

 Pa 10
-2

 Pa 

pentacene TIPS-pentacene F16CuPc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1 µm 

1 µm 

2 µm 

2 µm 

4 µm 

4 µm 

1 ML 2 ML 5 ML 

10
-4

 Pa 

10
-1

 Pa 



 

Note: The Stranski–Krastanov growth mode (layer-plus-island mode) is observed for 

the films deposited under both 10-4 and 10-1 Pa.S3 At the initial stage of pentacene film 

growth, separate islands of pentacene nucleate are formed from a common nucleation 

point (Figure S2).S4 Then, as coverage is increased, the islands grow, coalesce with 

each other, and eventually link to form the first monolayer, in accompany with some 

second ML nuclei. When the thickness of pentacene is up to 2 ML, the first 

monolayer is almost completed, and the second ML have nucleated and grown up to 

form the dendritic islands. Meanwhile, the third and fourth islands form.S5 With 

increasing the pentacene thickness increases to 5 ML, typical terrace-like islands are 

obtained, similar to the surface morphologies of 50 nm pentacene films (Figure 2b of 

the main text). These results suggest that the growth mode of pentacene films is not 

changed by the increase of Pdep. 

 

SI 4. AFM images of pentacene films deposited under 2 and 10 Pa. 

 

 

 

 

 

 

 

 

 

 

Figure S4. AFM images of pentacene films deposited under 2 (a) (18 µm × 18 µm) 

and 10 Pa (b) (10 µm × 10 µm). 
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SI 5. Distributions of D values of F16CuPc, pentacene, TIPS-pentacene, and C60 

molecules under different deposition pressures (Pdep). 

 
 

 
 
 

 
 
 

 
 

 
 
 
 
 

 
 
 
 

Figure S5. Distributions of D values of F16CuPc (a), pentacene (b), TIPS-pentacene 

(c), and C60 (d) molecules under different Pdep. 

 

Note: The theoretical D value is defined as the sum of vertical height of molecule 

and van der Waals (vdW) radii of both the highest and lowest atoms in the molecule 

along the vertical direction. For F16CuPc, pentacene, and TIPS-pentacene molecules, 

the theoretical D values are comparable with the experimental ones. For C60 

molecules, the theoretical D value (ca. the diameter of a C60 molecule) is somewhat 

different from the experimental one (see inset of Figure 3h of the main text) (ca. twice 

the diameter of C60 in the face-centered cubic crystal), which doesn’t influence the 

variation of D values with Pdep. 

 

 

 

 

 



 

SI 6. XRD patterns of pentacene, TIPS-pentacene and C60 films deposited under 

different Pdep. 

 

 

 

 

 

 

 

 

 Figure S6. XRD patterns of pentacene films deposited under different Pdep. 
 

 

 

 

 

 

 

 

 

 

 

Figure S7. XRD patterns of TIPS-pentacene films deposited under different Pdep. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. XRD patterns of C60 films deposited under different Pdep. 
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SI 7. Output characteristics of F16CuPc, pentacene, TIPS-pentacene and C60 TFTs 

prepared under different Pdep.  

 
Figure S9. Output (Id-Vd) characteristics of F16CuPc, pentacene, TIPS-pentacene and 

C60 TFTs prepared under different Pdep. (a) 10−4 Pa, (b) 10−3 Pa, (c) 10−2 Pa, (d) 10−1 

Pa, (e) 2 Pa, (f) 10 Pa. The dashed line and arrow schematically marks the changing 

tendency of Id with Pdep for the same Vd and Vg. The different changing tendencies of 

Id with Pdep for the F16CuPc, pentacene, TIPS-pentacene and C60 TFTs result from the 

different evolutions of the morphologies and molecular packing structures for the 

corresponding organic films, similar to the change of carrier mobilities with Pdep in 

Figure 6 of the main text.   
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SI 8. Density functional theory calculations on carrier mobilities for model systems. 

In order to further reveal the influence of packing structures on charge-transfer 

properties, we theoretically calculate the electron and hole mobilities of F16CuPc and 

pentacene dimers with a fixed the intermolecular distance (r) of 3.82 Å and 6.06 Å, 

respectively, as a function of D value. The charge hopping rates for F16CuPc and 

pentacene dimers are estimated according to the Marcus theory,S6- S8  

1
2 2

h/e h/e
h/e

h/e

exp
4B B

t
k

k T k T

π λ
λ

   
= −   

   h
   (S1) 

where kB and ħ are the Boltzmann and Planck constants, respectively, and T is the 

temperature. For the charge hopping rates, there are two key parameters, the 

hole/electron reorganization energy, λh/e, and the hole/electron transfer integral, th/e 

The hole/electron reorganization energy is calculated based on a simple model in the 

previous work.S9, S10 The hole/electron transfer integral is directly evaluated from the 

Fock-matrix-based method,S11, S12  

 

Site i Site j
h/e HOMO/LUMO HOMO/LUMO

ˆ| |t Fψ ψ=    (S2) 

where Site i
HOMO/LUMOψ  and Site j

HOMO/LUMOψ  are the highest occupied molecular orbitals 

(HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of two optimized 

monomers at the adjacent site i and j, respectively, and F̂  is the Kohn-Sham Fock 

operator. Without consideration of the charge hopping probability, the hole/electron 

mobility, µh/e, can be derived from the Einstein equation, S13, S14  

2
h/e h/e h/e

1

6B B

e e
D r k

k T k T
µ = ≈ ⋅    (S3) 

where D is the diffusion coefficient. The calculation results are shown in Figure S10. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10. Carrier (electron/hole) mobilities and charge transfer integrals (te/th) of 

F16CuPc (a) and pentacene (b) dimeric systems as a function of D value. 

 

SI 9. AFM images and mobilities of C60 films with substrate temperatures of 150 and 

180 ℃. 

 

 

 

 

 

 

 

 

Figure S11. AFM images (3 µm × 3 µm) of C60 films with substrate temperature of  

150 (a) and 180 ℃ (b).  

Note: 40 nm C60 films were deposited under 150 and 180 ℃ with depsition rate of 
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0.01 nm/s and Pdep of and 10−4 Pa. Comparing their properties with those of C60 films 

with substrate temperature of 120 ℃ and Pdep of 10−4 Pa (Figure 6d of the main text.), 

the grain sizes increases from ca. 102 to 180 and 250 nm, while the mobilities 

decreases from ca. 0.20 to 0.07 and 0.02 cm2/Vs, respectively. This result 

demonstrates that the grain size is not crucial to high mobility in C60 TFTs. 

 

SI 10. Summary of the electrical parameters for F16CuPc, pentacene, TIPS-pentacene, 

and C60 TFTs prepared under different Pdep. The average values of performance for 

each samples was obtained from eight devices. 

 

Table S2 

samples Pdep (Pa) 
Mobility  

(cm2/Vs) 

VT 

(V) 

Ion/Ioff S 

(V/dec) 

F16CuPc 

10−4 0.009±0.001 2.5±0.6 104−105 7.3±0.3 

10−3 0.013±0.002 5.1±0.8 104−105 10.1±0.2 

10−2 0.021±0.002 9.1±1.0 104−105 11.5±0.2 

10−1 0.027±0.003 1.4±0.4 104−105 7.8±0.3 

pentacene 

10−4 0.154±0.032 -18.9±1.1 105−107 1.1±0.2 

10−3 0.238±0.041 -19.4±1.4 105−107 1.2±0.1 

10−2 0.389±0.033 -29.6±2.0 105−106 4.0±0.5 

10−1 0.562±0.050 -22.3±0.9 105−107 1.3±0.3 

2 0.703±0.071 -22.7±1.3 105−107 1.1±0.2 

10 (2.56±1.00)×10-4 -29.1±2.2 102−103 7.3±0.6 

TIPS- 

pentacene 

10−4 0.234±0.030 -9.0±0.6 105−107 1.0±0.2 

10−3 0.240±0.025 -20.5±1.2 105−107 1.4±0.1 

10−2 0.230±0.027 -22.1±1.1 105−106 1.6±0.1 

10−1 (3.60±0.30)×10-5 -52.8±2.3 102−103 2.2±0.4 

C60 

10−4 0.199±0.020 11.9±0.8 105−107 4.3±0.4 

10−3 0.204±0.015 7.2±1.0 105−107 3.4±0.3 

10−2 0.195±0.017 8.7±0.7 105−107 4.7±0.2 

10−1 0.090±0.013 13.2±1.2 105−107 5.1±0.2 

VT: threshold voltage. Ion/Ioff: on/off current ratio. S: sub-threshold slope. 



 

Note: A high VT is observed for the pentacene TFTs with Pdep of 10−2 Pa, indicating 

the high charge trap density at the pentacene/dielectric interface. The maximum 

interfacial trap density (Ntrap) can be estimated from the following equation: S15 

 

 

where Ci is the capacitance density of the gate dielectric, q is the electronic charge, S 

is the sub-threshold slope, kB is Boltzmann’s constant, and T is temperature. We 

estimate Ntrap in pentacene TFTs with Pdep of 10−2 Pa to be 5.1 × 1012 cm−2, while 

those in devices with Pdep of 10−4, 10−3, 10−1 and 2 to be 1.4 × 1012 cm−2, 1.5× 1012 

cm−2, 1.6 × 1012 cm−2 and 1.4 × 1012 cm−2, respectively. A higher Ntrap at the 

pentacene/dielectric interface in pentacene TFTs with Pdep of 10−2 Pa leads to the shift 

of VT.  

It has been demonstrated that the charge trap sites of pentcene TFTs mainly stem 

from the inter-grain boundaries between pentacene islands and the intra-grain 

boundaries in pentacene islands.S16, S17 In grain boundaries, there should be many 

weak crystalline pentacene grains, which are the charge trap sites.S17 From the XRD 

patterns, pentacene films with Pdep of 10−2 Pa show broadened (00l) peaks comparing 

to those of the pentacene films with Pdep of 10−4 and 10−3 Pa (Figure S6), indicating 

the decreased crystallite sizes. The crystallite size is an average measurement for 

pentacene films, including the islands with high crystallinity and small grains with 

weak crystallinity in grain boundaries (Figure S12a).S18 Considering the slightly 

increased grain sizes and the decreased intergrain boundaries from AFM measurement 

(Figure 2b of the main text), the decreased crystallite sizes of the films with Pdep of 

10−2 Pa means the increased small grains in intra-grain boundaries (Figure S12b). So 

the overall charge trap sites may be increased, leading to increased VT. For the 

samples with Pdep of 10−1 and 2 Pa, although the high density of charge trap sites in 

intra-grain boundaries, that in inter-grain boundaries is very low due to the large 

islands (Figure S12c), resulting in the relatively low VT of about -20 V compared that 

of pentacene films with Pdep of 10−2 Pa. 



 

It is noticed that the traps in intra-grain boundaries may be not the deep traps, 

which have little effects on the mobility due to quenched by carriers.S15, S19 

 

Figure S12. Schematic cross sections of pentacene TFTs with Pdep of 10−4 (a), 10−2 (b), 

and 10−1
 Pa (c). The weak crystalline pentacene grains in iner- and intra-grain 

boundaries are generally the charge trap sites. 
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