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Characteristics of non-off transistors  

 

 

Figure S1.  (a) Operation regions of ambipolar transistors with VT
e
 < VT

h
, and (b) the potential 

distribution in each region. 
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The potential distributions in Regions (1) - (11) are represented in Figure S1b, and 

according to the ordinary gradual channel approximation, the characteristics are 

represented as shown in Table S1.  These formulas are considerably different from 

those of ordinary ambipolar transistors.
47

  When we use the same formula for the linear 

regions ((1) = (10), (5) = (6), and (11)), ID < 0 for the lower half in Figure S1a.  Signs 

of other characteristics in Table S1 are chosen so as to follow this rule.    

Table S1.  Characteristics of Non-off Ambipolar Transistors. 
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a
 The numbers come from Figure S1.  For example, eL hS means linear for electron and saturated 

for hole. 

b
 Border to the following region.  (11) is surrounded by these borders. 
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In the ordinary ambipolar transistors (VT
e
 >> VT

h
),

45-47
 transfer characteristics are not 

far from those of the independent monopolar transistors (Figure S2a).  Simultaneous 

injection of two carriers occurs only in Regions (3) and (8)
 
(eS hS) with large VD > VT

e
 

− VT
h
.  In the following, we describe only the analysis of the VD > 0 region.  The 

ordinary electron transport occurs in the right side of Figure S2a.  The intercept of the 

conventional square root ID plot affords VT
e 
irrespective of the applied VD

 
values, where 

the saturated region continues from VT
e 
to VT

e 
+ VD.  The left reversed region (VG < 0) 

is of no use for estimating VT
h
, though the slope affords h. 

When VT
e 
is small (Figure S2c), the square root ID plot is not entirely straight because 

the linear region appears above a comparatively small VG > VT
e 
+ VD.  Even in this case, 

extrapolation of the square root ID plot in the small VG < VT
e 

+ VD saturated region 

affords VT
e
.  Extrapolation of the linear region (VG > VT

e 
+ VD) affords VT

e 
+ (1/2)VD, as 

evident from the equation of the linear Region (1).  When (1/2)VD is subtracted from 

the intercept, we can obtain VT
e
.  However, this method is not very reliable.  The 

output characteristics (Figure S2d) shows a clear flat region, and VG affording the 

smallest flat region gives VT
e
.  In Figure S2d, the flat regions of the VG = 0 and 20 V 

curves are close to the horizontal line (ID = 0), and this is in agreement with VT
e
 = 10 V.  

In general, the existence of the flat region in the output characteristics is reliable 

evidence of the presence of the off region (VT
e
 > VT

h
). 

 However small is applied VD, the transfer characteristics of a non-off transistor do 

not drop to ID = 0 (Figure S2e).  The square root ID plot is not straight, and the 

extrapolation is largely different from VT
e
.  It is noteworthy that the output 

characteristics no more have a flat region (Figure S2f). 
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Figure S2.  (a) Calculated transfer characteristics of an ordinary transistor with a large off region 

(VT
e
 = 50 V, VT

h
 = −50 V, and e = h).  Solid curves are linear ID plots and dashed curves are 

square root ID plots.  S means the saturated region.  (b) The corresponding output characteristics.  

(c) Transfer characteristics with a small off region (VT
e
 = 10 V and VT

h
 = −10 V).  (d) The 

corresponding output characteristics.  (e) Transfer characteristics of a non-off transistor (VT
e
 = −10 

V and VT
h
 = 10 V).  Note that VT

e
  and VT

h
 are inverted compared to (c).   (f) The corresponding 

output characteristics.  (g) Transfer characteristics with a large non-off region (VT
e
 = −30 V and VT

h
 

= 30 V).  L means the linear Region (11).  (h) The corresponding output characteristics.   
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Redox potentials 

 

Figure S3.  Cyclic voltammetry of (a) TMB, (b) TCNQ and (c) chloranil, DMTCNQ, TCNQ, 

F2TCNQ, and F4TCNQ. 

 

 

Table S2.  Redox potentials (vs. ferrocene/ferrocenium).
 

Complex E1/2
1
 (V) E1/2

2
 (V) 

TMB 0.04 0.48 

Chloranil −0.36 − 

DMTCNQ −0.26 −0.65 

TCNQ −0.20 −0.74 

F2TCNQ 0.00 −0.55 

F4TCNQ 0.19 −0.30
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Crystal structures 

 

TMB crystals are not strictly isostructural depending on the packing patterns of the 

columns along the layer axis (//a in Figure 3a) and along the adjacent columns (//b in 

Figure 3a); the differences are summarized in Table S3.  In the chloranil and bromanil 

complexes (space group C2/m), all molecules in the adjacent columns and layers are 

parallel to each other (Figure S4a).  Similarly to the DMTCNQ complex (Figure S4c), 

the long axes of the adjacent layers in the TCNQ and F2TCNQ complexes are 

alternately tilted (Figures S4e and g).  In the latter two crystals (P21/n), however, the 

molecular plane levels in the adjacent columns are slightly deviated (Figures S4f and h).  

In the F4TCNQ complex (C2/m), all molecular long axes are parallel again (Figure S4i), 

but the level shift remains (Figure S4j).  These small differences come from the 

packing pattern of the columns, but the structure of a single column is essentially the 

same. 

 

Table S3.  Summary of the TMB crystals. 

Complex Space group Long axes along the 

layers (//a)
a
 

Level shift on the 

side (//b)
a
 

Chloranil C2/m Parallel N 

Bromanil C2/m Parallel N 

DMTCNQ Pnnm Tilted N 

TCNQ P21/n Tilted Y 

F2TCNQ P21/n Tilted Y 

F4TCNQ C2/m
 

Parallel Y 

a 
Axes of the DMTCNQ complex.
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Figure S4.  Crystal structures of (a)(b) (TMB)(chloranil), (c)(d) (TMB)(DMTCNQ), (e)(f) 

(TMB)(TCNQ), (g)(h) (TMB)(F2TCNQ), and (i)(j) (TMB)(F4TCNQ), respectively viewed along the 

stacking axes, and viewed along the molecular long axes.
24,25 
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Degree of charge transfer 

Charge-transfer degree BL of the TCNQ complexes was estimated from the bond 

lengths of TCNQ (Table S4).
S1

 

BL = 27.94 × [(a + c) / (b + d)] − 26.28 

of the F4TCNQ complex was estimated from a different equation.
S2

  

BL = −45.756 × [c / (b + d)] + 21.846 

Charge-transfer degree IR was estimated from the C≡N stretching mode C≡N of the IR 

spectra (Figure S5) using  

 C≡N = 2227 − 44IR    (cm
-1

) 

as listed in Table S4.
S3

 

  

Table S4.  Bond lengths, the C≡N stretching mode, and the resulting  of the CT complexes.
a
 

  DMTCNQ TCNQ F2TCNQ F4TCNQ 

a (Å) 1.350 1.354 1.355 1.350 

b (Å) 1.427 1.437 1.434 1.435 

c (Å) 1.392 1.389 1.378 1.377 

d (Å) 1.425 1.426 1.4395 1.434 

BL 0.48 0.49 0.67 0.83 

νC≡N (cm
−1

) 2211 2203   

IR 0.36 0.54   

a
 b and d are averaged. 

-2.0

-1.8

-1.6

-1.4

A
b

s
o
rb

a
n
c
e

23002250220021502100
Wavelength (nm)

(TMB)(DMTCNQ)

(TMB)(TCNQ)

 

Figure S5.  C≡N stretching mode of the IR spectra of (TMB)(DMTCNQ) and (TMB)(TCNQ).
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Single-crystal transistors 

Single-crystal transistors of (TMB)(chloranil), (TMB)(DMTCNQ), and (TMB)(TCNQ) 

were prepared by depositing the chlorobenzene solutions (Figure S6a-c).   Transistors 

of (TMB)(F2TCNQ), (TMB)(F4TCNQ), and (TMB)(bromanil) were made by pasting 

the crystals (Figure S6d-f), but the bromanil transistors did not show transistor 

properties.  Thickness of the films was measured by using a Kosaka Surfcorder ET200. 

        

Table S5.  Dimensions of single-crystal transistors shown in Figures 3 and 4.  

Complex Fabrication L (m) W (m) d (m) 

Chloranil Drop cast 75 13 2.0 

DMTCNQ Drop cast 13 3.2 2.0 

TCNQ Drop cast 75 25 2.5 

F2TCNQ Paste 37 13 25 

F4TCNQ Paste 30
 

10 20 

 

 

Figure S6.  Normalized transfer characteristics of thin-film transistors of (a) (TMB)(DMTCNQ), 

(b) (TMB)(TCNQ), (c) (TMB)(F2TCNQ), and (d) (TMB) (F4TCNQ).  
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Calculation of effective transfer integrals 

Molecular orbital calculations in the B3LYP* level with TZP basis set were 

performed using the the Amsterdam Density Functional (ADF) program.
S4  

Energy 

differences in Eq. S1 were taken from the triad calculations.
 
 These molecular orbitals 

were very similar to the results of the AM1 calculations.
S5

  In order to estimate tDA, the 

frozen orbital approximation was adopted, where the molecular orbitals were extracted 

and used to calculate the intermolecular transfer integrals.
S6

  
 

Transport in DA crystals have been discussed in analogy with DA polymers on the 

basis of superexchange transfer.
8,S7-S11

  There are large transfers tDA between the TMB 

HOMO and the acceptor LUMO in the present TMB complexes (Table S6), so that the 

effective electron and hole transfers t
eff

 in mixed stacks are given by the HOMO-LUMO 

only partition theory.
8,S10

  

DA

2

DA

EE

t
t eff


       Eq. S1 

Since EA − ED decreases with increasing the acceptor ability, t
eff 

increases (Table S7).  

This is reproduced by the triad calculation as well.  This accounts for the observed 

increase of the mobility (Figure S7).  The observed mobility of the F2TCNQ complex 

is anomalously small in comparison with the other complexes.  Note that EA − ED does 

not diverge even at EA = ED because EA − ED of a complex is larger than the energy 

difference of the independent molecules due to tDA.  This is a similar situation to Eq. 8.  

Accordingly, the increase of t
eff 

(and ) toward the ionic limit is comparatively mild.      

 

     Table S6.  Effective transfer integrals (meV). 

 

Complex Partition Triad 

 EA − ED  
tDA  t

eff
 te

eff
 th

eff
 

Chloranil 1345  323 78   162  111  

DMTCNQ 1158  350 106   164  140  

TCNQ 1104  370 124   161  136  

F2TCNQ 997  478 229   181  158  

F4TCNQ  896  371 154   199  216  
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Figure S7.  Observed mobility and calculated th
eff

. 

 

 

Figure S8.  Arrhenius plots of ID in (a) (TMB)(TCNQ), and (b) (TMB)(chloranil). 
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Energy band of a mixed-stack chain 

Energy band of a mixed-stack chain (Figure S9) having a transfer integral tDA 

between the donor HOMO (with the energy ED) and the acceptor LUMO (with the 

energy EA) is calculated from 

0
DA

DA






EEt

tEE

D

A

. 

The solution is as follows. 

  

kat
EEEE

E DADA 22

DA

2

cos4
22








 



  

Since the inside of the square root is never smaller than the first term, this energy band 

is represented by Figure 9b, where the band gap is given by EA − ED. 

Historically, derivations of Eqs. 6-9 have been discussed in Refs. S11-S13 in 

addition to Refs. 21 and 69. 

 

 

 

Figure S9.  Energy levels of a mixed-stack chain. 
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