
Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

The authors presented an interesting temperature dependence of charge transport in a DNTT, and 

demonstrated extremely sensitive temperature sensors. The strategy proposed by the authors is 

to precisely tune the barrier potential of grain boundaries to be thermal energy of room 

temperature. At first glance, overall results seem to be interesting in terms of device physics and 

material science, and are worthy publication in Nature Communications. 

 

However, I cannot judge whether the authors’ analysis and interpretation associated with the 

temperature dependent charge transport are correct or not, because of poor presentation of the 

manuscript in my hands. I am afraid to say that most information necessary to justify the result is 

fatally missing in the manuscript, and the manuscript in my hands never reaches the level required 

by a standard scientific paper. 

I would not accept this work at this stage, and kindly ask the authors to clarify details below; 

 

Figures 

1. In Figs. 1, 2, and 3, how much is the drain voltage applied to OFETs? In order to estimate the 

conductivity and mobility accurately, it should be very important to identify whether the present 

OFET is in a saturation regime or linear regime during the analysis. 

 

2. In Fig.3, the expression of sensitivity, ∆I/I0, is really misleading. This should be modified to 

[I(Vg, T) − I(Vg, T0)]/ I(Vg, T0), where T0 is the reference (base) temperature (is this correct?). It 

is because the sensitivity is gate-voltage, and temperature variant. In addition, the author should 

specify the values of Vg, T0, and T in Figs.3a and c. 

 

3. The definition of sensitivity should be address in the different way; we often use the 

temperature coefficient of resistance (TCR in the unit of degC-1). The value for the best DNTT 

device with the grain boundary of 350 nm is likely to show remarkably high TCR (approx. 2.5 from 

my calculation). The authors should clarify how this value is comparable to those obtained for 

conventional temperature sensors. 

 

4. In Fig. 3c, what is the temperature difference for this plot (presumably 358 – 298 = 60 K)? 

 

5. In Figs. 3d and e, these plots are misleading. First of all, from d the T-dependence of Ids looks 

Ids exp(T), whereas from e Ids follows the activation behavior. The authors should double-check 

the validity of fittings here, and clarify the resulting fitting parameter in Supplementary 

information. Obviously, the most important parameter, the height of potential barrier at grain 

boundary EB, can be determined from the fitting. The author should clarify all the values EB for 

the DNTT films having 200, 350, and 520 nm, and compare these values with those obtained from 

SKPM measurements. By the way, in Fig.3e is a vertical axis ln(I) or ln(σoff) ? The latter is written 

in the main tex. Related to this, I am skeptical about the estimation of conductivity σoff. 

Presumably, σoff was derived from Ioff being divided by Vds. If so, this may lead an incorrect 

estimation because the equation σoff = Ioff / Vds assumes that the potential drop follows linearly 

along the channel direction. In the off-state of OFETs, it should be more reasonable to employ 

equation (1) or simply the expression of SCLC. 

 

6. In Fig. 3f, I do understand that the message of this panel is that the excellent temperature 

sensitivity present in the manuscript originates from the large change in the carrier density n. 

However, I am skeptical about estimations of mobility µ and charge density n. How did the author 

estimate the mobility at such low doping level? If the charge transport actually follows the 

thermionic emission model, the mobility should be field-dependent, meaning that the field-effect 

mobility derived from transfer characteristics is no longer applicable. In addition, at this low charge 

density, σoff = neµ is nontrivial. 



I agree with this argument because at such low doping levels n changes sensitively with respect to 

temperature; an increase of kBT effectively changes the Fermi energy relative to the transport 

level. The author should double check how much the Fermi level shift can be expected when a 

simple exponential density-of-states is assumed. 

 

7. The estimation of the Debye screening length is incorrect. The Debye length derived by the 

authors is unrealistically larg. It is normally on the order of 10 nm for organic semiconductors. 

Presumably, the authors made a fatal mistake on conversion from cm to m, or conversion from 2D 

to 3D charge density. From my rough estimation with n of 1018~1019 cm-3 (the typical value of n 

that is induced at the OFET devices), the Debye length can be a few nm. This gives a conceptional 

failure because the grain boundary engineering never works on the precise tune of barrier height. 

The author should double-check the values. 

 

8. In equations (4)-(5), the author should explain more about the assumptions used here. In a 

semiconductor textbook, n(Vg, T) =Nc(T)exp(-EB/kBT) is often found for instance a textbook 

written by Sze, where Nc(T) is temperature variant. Although I am not confident about how this 

expression is applicable to organic semiconductors, particularly in the thermionic emission model, 

the authors should take more cares of taking the derivative with T (i.e., dn/dT). It will be 

appreciated that the authors will communicate with semiconductor physicist to clarify why 26 meV 

(thermal energy of RT) plays a vital job on maximizing sensitivity. 

 

9. There are minor typos and errors found throughout the manuscript; for example, - exp 

(exponential) is found to be epx, 

- ℃ is missing in Fig.5 

 

Overall, mainly due to unrealistic estimation of the Debye length, I hardly believe that the 

proposed grain boundary engineering can tune the potential height. On the other hand, SKPM 

measurements showed a reasonable trend that larger GB will give larger potential barrier. Again 

because of lack of important information, I would not able to judge whether the authors’ analysis 

and interpretation associated with the temperature dependent charge transport are correct or not. 

After the authors address all the comments above, I will be happy to review the manuscript again. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

Them manuscript entitled “Effectively Modulating Thermal Activated Charge Transport in Organic 

Semiconductors by Precise Potential Barrier Engineering” is focusing on studying the grain size 

effect on the transfer properties of the DNTT transistors and utilize the grains with different sizes 

and boundary density to achieve temperature sensor functions. The overall quality of the work is 

good and it should be publish in nature communication. It covers from fundamental science to 

practical applications. Using the grain size effect to achieve temperature sensing is a very good 

idea. Here I summarized some of the comments for the authors to further improve the 

manuscript: 

 

1. Figure 3(d) is I_off, and it maybe confusing if the axis title used I_DS. 

2. The extraction of the mobility and carrier concentration in figure 3f is a bit confusing to me. Did 

the author use mobility and conductivity to get the carrier concentration or did they use the carrier 

concentration and conductivity to get the mobility? If it is the first case, how did they calculate the 

mobility? If it is the 2nd case, how did they calculate the carrier concentration? 

3. The structure of the device used in figure 5 should be given. Does it have the same structure as 

the device used in Figure 3c? What gate bias is used to measure the delta_I? 

4. More information about the origin of equation (2) and (3) would be useful. 

 

 



 

Reviewer #3: 
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Notes: Figure * denotes the Figure in the main text, Figure R* denotes Figure in the 

reply for reviewer below, and Figure S* denotes Figure in the Supplementary 

Information. For clarity and convenience, several Figures appear twice in our reply 

for different comments 

Reply for Reviewer #1 

Comments 1: The authors presented an interesting temperature dependence of charge 

transport in a DNTT, and demonstrated extremely sensitive temperature sensors. The 

strategy proposed by the authors is to precisely tune the barrier potential of grain 

boundaries to be thermal energy of room temperature. At first glance, overall results 

seem to be interesting in terms of device physics and material science, and are worthy 

publication in Nature Communications. However, I cannot judge whether the authorsʼ 

analysis and interpretation associated with the temperature dependent charge transport 

are correct or not, because of poor presentation of the manuscript in my hands. I am 

afraid to say that most information necessary to justify the result is fatally missing in 

the manuscript, and the manuscript in my hands never reaches the level required by a 

standard scientific paper. I would not accept this work at this stage, and kindly ask the 

authors to clarify details below. 

Our reply: Thank you very much for your high and constructive comments and 

suggestions, which guide us to think some points deeply, improve manuscript, correct 

some errors, and make some unclear points clear. After getting your comments, we 

have checked lots of relevant literatures and books, and also discussed with six 

experts in semiconductor physics and organic semiconductors (listed at the end of our 

reply).  

For clarity and convenience, the key explanations and revisions are listed as follows:  

(1) According to thermionic emission theory, the current density equation and fitting 

curve were modified. (Our reply for comment 6). 

(2) The dependence of mobility on gate voltage and drain-source voltage was 
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discussed. (Our reply for comment 7). 

(3) The estimation of carrier density and Debye length was discussed in detail. (Our 

reply for comment 7 and 8). 

(4) The reason why devices with moderate grain size show maximum sensitivity (i.e., 

temperature dependence) was reinterpreted by the deeper understanding and 

analysis of thermionic emission theory. (Our reply for comment 9). 

(5) Temperature coefficient of resistance (TCR) of the OFETs was calculated and 

discussed.  

(6) Some errors and unclear points were modified, and some data were added. 

Below we would like to address your comments one by one. 

Comments 2: In Figs. 1, 2, and 3, how much is the drain voltage applied to OFETs? 

In order to estimate the conductivity and mobility accurately, it should be very 

important to identify whether the present OFET is in a saturation regime or linear 

regime during the analysis.  

Our reply: Thanks for your meticulously observation! The omission of the drain 

voltage in manuscript make some important parameters unclear. We point out that all 

the drain voltages applied to OFETs in transfer characteristic measurement are -60 V 

and the present OFET is in the saturation regime.  

Our revisions: We have added the information into main text and relevant Figures   

Comments 3: In Fig. 3, the expression of sensitivity, △I/I0, is really misleading. This 

should be modified to [I(Vg, T) - I(Vg, T0)]/I(Vg, T0), where T0 is the reference (base) 

temperature (is this correct?). It is because the sensitivity is gate-voltage, and 

temperature variant. In addition, the author should specify the values of Vg, T0, and T 

in Figs.3a and c.  

Our reply: Thanks for the kind reminder! According to your suggestion, we have 
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modified the misleading expression of sensitivity to [I(Vg, T) - I(Vg, T0)]/I(Vg, T0), 

where T0 is the base temperature. The value of Vg is 20 V in Fig. 3a. The values of T0, 

and T are both 298K and 358K in Fig. 3a and c. 

In addition, it should be noted that the sensitivity calculated in the off-state regime 

(i.e., Vg in the range of 0~20 V) is at the similar level since the off-state current of 

OFET exhibits flat and smooth curves. For example, the sensitivity at Vg = 0 V (Fig. 

R1 i.e., Fig. 3c in main text) is quite similar to that at Vg = 20 V. 

Our revisions: We have modified the misleading expression of sensitivity to [I(Vg, T) 

- I(Vg, T0)]/I(Vg, T0), where T0 is the base temperature. The value of Vg is 20 V in Fig. 

3a. The values of T0, and T are both 298K and 358K in Fig. 3a and c. In addition, the 

similar sensitivity at the off-state regime is discussed briefly in the main text, and the 

corresponding detailed discussion is added in the Supplementary Information. 

 

Fig. R1. Sensitivity (298 K-358 K, i.e., △T is 60K) varies with the gate voltage of the 

OFET. 

Comments 4: The definition of sensitivity should be address in the different way; we 

often use the temperature coefficient of resistance (TCR in the unit of degC-1). The 

value for the best DNTT device with the grain boundary of 350 nm is likely to show 

remarkably high TCR (approx. 2.5 from my calculation). The authors should clarify 

how this value is comparable to those obtained for conventional temperature sensors.  
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Our reply: Thanks for your valuable and kind suggestions! The temperature 

coefficient of resistance (TCR) is usually defined as follows: 

TCR = 1ܴ ܴ݀݀ܶ × 100%																																																																																																														(1) 
where R is the base resistance at 298K. The TCR curves of the DNTT devices with 

different grain sizes are shown in Fig. R2. R decreases exponentially with increase of 

T due to thermal activated charge transport, so TCR value also decreases with T1. 

However, the values are higher than, at least comparable to, most conventional 

temperature sensors. For example, TCR for most metals is between 0.1–1% K−12, and 

similarly, other conductive materials, such as single-walled carbon nanotubes 

(SWCNTs)3 and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS)4, also exhibit a comparable sensitivity range. Most oxide ceramics 

shows the value of TCR 2-4% K−1 5,6 

 

Fig. R2. The TCR of the DNTT devices with the grain size of 200 nm, 260nm, 350 

nm, 420nm and 520 nm. 

Furthermore, we also calculated the average value of TCR by: 

TCR௩ = 1ܴ ܴ − ܴܶ − ܶ × 100% = ൬ ܴܴ − 1൰ /∆ܶ	 × 100%																																													(2) 
where R0 and R are the value of resistance at 298K and 358K, respectively, and △T is 
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60 K. The TCRavg of the DNTT devices with the grain size of 200 nm, 260 nm, 350 

nm, 420 nm and 520 nm are -1.38%, -1.65%, -1.66%, -1.65%, and -1.59%, 

respectively. From this data, it can be found that the TCR value of devices with 

different grain size exhibits tiny distinction, but this fact does not indicate that these 

devices show similar sensing performance. The tiny distinction in TCR value mainly 

stems from the calculation method, which can be understood as follows: 

In fact, if the resistance change is small, the TCR is suitable for reflecting the 

sensing performance. On the other hand, if it the resistance change is big (e.g. over 

one order of magnitude) and negative, TCR would not be the best choice to 

characterize the sensitivity. 

We can take a simple example to explain. Assuming two sensors have the same 

base resistance (R0) of 100 Ω (which produces a current (I0) of 1A at voltage of 100 

V). In the first sensor the resistance (R) changes to 10 Ω (producing a current (I) of 10 

A at voltage of 100 V) when temperature increases by 10 oC. In the second sensor R 

changes to 1 Ω (100 A at voltage of 100 V) at the same temperature change of 10 oC. 

Apparently, the second sensor exhibits significantly better sensing performance than 

the first one. The TCR value of these two sensors is calculated to be -9% oC -1 and the 

-9.9% oC -1, respectively. Unfortunately, TCR value does not clearly reflect the big 

difference in sensing performance between these two sensors. If the sensitivity is 

defined by the relative current change, ((ܫ −  ), these two sensors will exhibitܫ/(ܫ

sensitivity of 9 and 99, respectively, which can clearly show the big difference in 

sensing performance.  

In our work, the output signal is current, and increases over one of magnitude when 

the temperature increases by tens of degree. Therefore, in the initial manuscript, we 

adopt relative current change, [I(Vg, T) - I(Vg, T0)]/I(Vg, T0), as sensitivity (△T is 60 

oC). Undoubtedly, as you stated, TCR as the standard sensitivity parameter is highly 

useful for making comparison with other sensors. Therefore, we use both sensitivity 

in the revised manuscript. Table R1 lists the sensitivity value defined via TCR and 
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our method.  

 

 

Table R1. Sensitivity value defined via TCR and our method  

 200nm 260nm 350nm 420nm 520nm	
TCRavg (

oC -1) -1.38% -1.65% -1.66% -1.65% -1.59% △I/I0 5 90 155 80 21 

Our revisions: We have calculated the value of TCR of the DNTT devices with 

different grain size. The corresponding data and discussion are added into the main 

text and Supplementary Information. 

Comments 5: In Fig. 3c, what is the temperature difference for this plot (presumably 

358 ‒298 = 60 K)?  

Our reply: Thanks for pointing out this unclear point! The temperature difference in 

Fig. 3c is 60 K (298 K-358 K).  

Our revisions: We have marked the temperature difference in relevant Figures. 

Comments 6: In Figs. 3d and e, these plots are misleading. First of all, from d the 

T-dependence of Ids looks Ids ∝ exp(T), whereas from e Ids follows the activation 

behavior. The authors should double-check the validity of fittings here, and clarify the 

resulting fitting parameter in Supplementary information. Obviously, the most 

important parameter, the height of potential barrier at grain boundary EB, can be 

determined from the fitting. The author should clarify all the values EB for the DNTT 

films having 200, 350, and 520 nm, and compare these values with those obtained 

from SKPM measurements. By the way, in Fig.3e is a vertical axis ln(I) or ln(σoff) ? 

The latter is written in the main tex. Related to this, I am skeptical about the 

estimation of conductivity σoff. Presumably, σoff was derived from Ioff being divided by 

Vds. If so, this may lead an incorrect estimation because the equation σoff = Ioff / Vds 

Grain size 
Sensitivity 
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assumes that the potential drop follows linearly along the channel direction. In the 

off-state of OFETs, it should be more reasonable to employ equation (1) or simply the 

expression of SCLC.  

Our reply: Thanks for your constructive comments which enable us to inspect 

experimental analysis, deepen the understanding, and correct some errors. These 

comments mainly concern two aspects: (1) the fitting between current (I) and 

temperature (T), and (2) the estimation of conductivity σoff. We would like to address 

these two aspects as follows: 

(1) The fitting method: 

We re-checked the thermionic emission theory, did the proper analysis and 

transformation of the equation, and found a proper fitting method for our results. 

Below are the details:  

According to Bethe’s thermionic emission theory7,8, the net current in Schottky 

barrier is a superposition of two currents. One is the current from semiconductor to 

metal, and the other is the current from metal to semiconductor. If the applied voltage 

is forward bias (Fig. R3), the current density from semiconductor to metal can be 

given by the following equation: 

→ܬ = ݔଶ݁ܶ∗ܣ ൬−ݍ∅ − ܸܶ݇ݍ ൰																																																																																						(3) 
where A* is effective Richardson constant, and ݍ∅ is Schottky barrier. Because the 

height of barrier for electrons from metal to semiconductor is independent on bias 

voltage, the current density from metal to semiconductor is 

→ܬ = ݔଶ݁ܶ∗ܣ− ൬−ݍ∅݇ܶ ൰																																																																																															(4) 
The total current density is the sum of Eq. (3) and (4) ܬ = →ܬ +  →ܬ

			= ݔଶ݁ܶ∗ܣ ൬−ݍ∅ − ܸܶ݇ݍ ൰ − ݔଶ݁ܶ∗ܣ ൬−ݍ∅݇ܶ ൰																																													 
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				= ݔଶ݁ܶ∗ܣ ൬−ݍ∅݇ܶ ൰ ݁ݔ ൬ ܶ൰ܸ݇ݍ − 1൨																																																																								(5) 

 

Fig. R3. The thermionic emission theory of Schottky barrier based on 

metal-semiconductor contact. (Sze, S. M. Physics of semiconductor devices. Wiley 

2006) 

The Schottky barrier ݍ∅  is defined as the energy difference between the 

conduction band and the Fermi level, i.e., ݍ∅ = ܧ −  (Fig. R3). In our model	ிܧ

of potential barrier at grain boundary (Fig. R4), EB is the height of the potential 

barrier at GBs, which is equal to the degree of band bending. Then ݍ∅ is the same 

meanings as ܧி−ܧ +  ,(EV is HOMO without bending) in our model. Therefore	ܧ

the current density across a grain boundary should be given by  

ܬ = ݔଶ݁ܶ∗ܣ ൬−ܧி−ܧ + ݇ܶܧ ൰ ሾ݁ݔ ൬ݍ ܸ݇ܶ൰ − 1ሿ																																																													(6) 
where VB is the voltage drop across a GB. The contribution of minority carrier (i.e., 

electron) is negligible and all discussions about carriers is for majority carrier (i.e., 

hole) in this paper.  

Furthermore, the height of potential barrier on both sides of GBs is changed by bias 

voltage8. As shown in Fig. R4, the effective height of barrier (mentioned as EBe) on 

the forward bias side is EB − qVB and that on the reverse bias is EB + qVB. Therefore, 

charge carriers on the reverse bias can hardly cross the higher potential barrier, and 

the corresponding current is negligible. Eq. (6) can be approximated to be the 

following Eq. (7).  
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ܬ = ݔଶ݁ܶ∗ܣ ൬−ܧி−ܧ + ܧ − ݍ ܸ݇ܶ ൰																																																																															(7) 
Eq. (7) can also be derived by the approach of Rhoderick and Williams 

(Metal-semiconductor contacts, 2nd Ed. Clarendon, Oxford 1988)9. 

 

Fig. R4. Schematic diagrams of energy band model at grain boundary of 

polycrystalline semiconductor with a bias.  

The resistance of a polycrystalline material consists of the contributions from the 

grain-boundary region (RB) and the bulk of the crystallite (RC). We assume that the 

DNTT film is composed of identical crystallites with a grain size of l. The grains are 

also assumed to be seamless connection. The channel (with length of L) contains ܮ/݈ 
grains and GBs, and then VB can be described as 

ܸ = ௗܸ௦ ܴܴ + ܴ ܮ݈ ,					0 < ݈ ≪  (8)																																																																																								ܮ
where ௗܸ௦  is the voltage drop of the channel. If we define ߚ = ோಳோಳାோ, Eq. (8) 

becomes 

ܸ = ߚ ௗܸ௦ ܮ݈ ,									0 < ݈ ≪ 0									,ܮ < ߚ < 1																																																																				(9) 
Dividing both sides by T2 and taking the logarithm, Eq. (7) becomes 

ln ଶܬܶ = ∗ܣ݈݊ − ൬ܧி−ܧ + ܧ − ݍ ܸ݇ ൰ 1ܶ 																																																																									(10) 
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Eq. (10) suggests ln ்మ ∝ 
ଵ்
. Then, we draw the plot of ln ்మ as a function of 

1000/T for the device with grain size of 350 nm in Fig. R5. It shows a good fit with 

Eq. (10), suggesting that the charge transport in the DNTT film accords with the 

thermionic emission model. The critical parameter 
ாಷିாାாಳିಳಳ  can be obtained 

from the slops of these fitting curves, but EB can not be directly calculated because of 

unclear value of ߚ and ܧி −  . The fitting curves of 200 nm and 520 nm DNTTܧ

film are added into Supplementary Fig. 4, both of which shows good fit with the 

thermionic emission model. In addition, these results also show that steeper slope 

indicates higher temperature sensitivity (i.e., 350 nm > 520 nm > 200 nm). The 

relation of temperature dependence and fitting slop (i.e., 
ாಷିாାாಳିಳಳ ) will be 

discussed in detail at Our reply for Comments 9. 

 

Fig. R5. The plot of ln ்మ as a function of 1000/T. 

(2) Estimation of conductivity: 

We reconsidered the estimation of conductivity σoff according to your suggestions. 

The current-voltage characteristics do not accord with ohmic law in the off-state, so 

calculation of conductivity by σoff = Ioff / Vds might be questionable. In fact, the 

estimation of conductivity is used to calculate the carrier density n in off-state. To 

avoid the questionable calculation of conductivity, we find another reliable method to 
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calculate n by drift equation. It will be discussed at Our reply for Comments 7. 

Therefore, we will no longer calculate the conductivity. 

Our revisions: We have modified Eq. (1) in main text, and replaced the incorrect 

fitting data. The discussion about fitting is added into main text. The estimation of 

conductivity is deleted.  

Comments 7: In Fig. 3f, I do understand that the message of this panel is that the 

excellent temperature sensitivity present in the manuscript originates from the large 

change in the carrier density n. However, I am skeptical about estimations of mobility 

μ and charge density n. How did the author estimate the mobility at such low doping 

level? If the charge transport actually follows the thermionic emission model, the 

mobility should be field-dependent, meaning that the field-effect mobility derived 

from transfer characteristics is no longer applicable. In addition, at this low charge 

density, σoff = neμ is nontrivial. I agree with this argument because at such low doping 

levels n changes sensitively with respect to temperature; an increase of kBT effectively 

changes the Fermi energy relative to the transport level. The author should double 

check how much the Fermi level shift can be expected when a simple exponential 

density-of-states is assumed. 

Our reply: Thanks for your professional comments, which together with other 

comments help us to find a new and rational way to explain our results! Your 

comments mainly include three aspects: (1) estimations of mobility μ; (2) estimation 

of carrier density; (3) Fermi level shift. 

(1) Estimations of mobility μ 

We firstly address your doubts about the estimations of mobility μ. We used the 

field-effect method to calculate the saturated region mobility by 

ௗ௦ܫ = ܮ2ܹ )ܥ௦௧ߤ ܸ − ௧ܸ)ଶ																																																																																																		(11) 
As you stated, the mobility in saturation regime (ߤ௦௧) is indeed not equal to the 
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mobility ߤ in the off-state with very low charge density n, because ߤ often has been 

reported to depend on n in organic semiconductors. However, DNTT is a 

thienothiophene small molecule organic semiconductor. These molecules are highly 

delocalized, closely stacked and a low degree of disorder10,11. The researches by Liu 

suggest that the ߤ − ݊  relation in OFETs is closely related to the degree of 

delocalization and ordering degree of organic semiconductors12,13. Fig. R6 shows the 

correlation between the dependency of ߤ  on ܸ − ௧ܸ  (corresponding to the 

dependency of ߤ on ݊) and the degree of delocalization in organic semiconductors. 

We also extracted the ߤ-( ܸ − ௧ܸ) relation from transfer characteristic of the DNTT 

device as shown in Fig. R7, which indicates the week dependency of ߤ and Vg. The ߤ decreases by less than an order of magnitude from on-state (Vg-Vth = 20V) to 

off-state (Vg-Vth = 0). It is similar to TIPS-pentacene with △D=0.7 and �=0.36 (red 

line in Fig. R6 a and purple triangle in Fig. R6 a). We used the ߤ at Vg-Vth = 0 (the 

change of ߤ is negligible when Vg < Vth) as the estimated value of ߤ in the off-state 

to approximately calculate charge density n, which would not cause a large deviation 

in the estimation of n.  

 

Fig. R6. a) The calculated mobility as a function of gate voltage for different ΔD. b) 

The values of ΔD and ΔE are plotted for different semiconductors. The gray arrow 

shows the direction of increasing disorder in charge transport. (Chuan Liu et. al Mater. 

Horiz. 2017, 4, 608) 
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Fig. R7. The dependence of ߤ on ( ܸ − ௧ܸ) of the DNTT OFET. 

The above discussions indicate that the field-effect mobility shows dependence on 

the gate voltage (vertical electric field), and that a method to estimate the mobility in 

off-state is deduced according to the literatures. Furthermore, we totally agree with 

your arguments that mobility should be field-dependent. In thermionic emission 

model, the mobility is supposed to be dependent on the drain-source field (lateral 

electric field) as the following equation14, 

ߤ =  (12)																																																																																																													(γ√E)	expߤ
where µ0 and µeff are intrinsic mobility and effective mobility, and ܧ = ೞ  is average 

electric field intensity in the channel. The mobility measured by FET 

characterizations is µeff. The channel length of all the devices is 50 um and the applied 

Vds is always -60 V, so the field-dependent of mobility in our experiment is not 

reflected.  

In fact, there are several methods to characterize the mobility of organic 

semiconductors such as FET, SCLC, and Hall. However, it should be noted that FET 

characterization is the most reasonable way we can take to estimate µ in the off-state. 

Below we will explain why it is highly difficult to measure proper mobility with 
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SCLC and Hall in this situation:  

①. SCLC is a common way to test mobility, but it encounters difficulties to measure 

the mobility along the π-stacking direction of organic field-effect semiconductors, 

which can be understood as follows:  

Organic field-effect semiconductors have anisotropic charge transporting property. 

Generally, the mobility along the π-stacking direction is greatly higher than that 

perpendicular π-stacking direction (Fig. R8). Sirringhaus et al.15 found the mobility of 

the same polymer varies by four orders of magnitude in different molecular 

orientations (Fig. R9). In our previous work16, we also reported that phthalocyanine 

molecules with edge-on orientation shows significantly higher mobility than that of 

face-on orientation (Fig. R10). In addition, most of organic field-effect semiconductor 

adopt edge-on molecular orientation, i.e., the π-stacking direction is parallel with the 

substrate and consistent with the charge transporting direction. The edge-on feature is 

a key for obtaining high mobility of OFET. In our devices, XRD measurements 

confirm that DNTT also adopt edge-on orientation, which is beneficial for charge 

transporting. Therefore, if we want to measure the mobility along π-stacking direction 

of DNTT with other methods, it is necessary to guarantee that the charge transporting 

direction in the measurement is consistent with π-stacking direction. 

 

Fig. R8. The schematic diagram of (a) edge-on and (b) face-on molecular orientation   



15 
 

 

Fig. R9. The mobility varies with molecular orientations. (Sirringhaus et al., Nature 

1999, 401, 685-688) 

 

Fig. R10. The schematic diagram and mobilities of Face-on and Edge-on molecules. 
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(Li, L et al., Adv. Energy Mater. 2011, 1, 188-193)   

SCLC method usually uses a sandwich’s structure device17 (Fig. R11), whose 

charge transport direction is perpendicular to organic semiconductor film. As stated 

above, the organic field-effect semiconductors always adopt edge-on molecular 

orientation. If SCLC measurement is performed on organic field-effect 

semiconductors film with edge-on orientation, it may measure the charge transporting 

mobility perpendicular to the π-stacking direction, which would be several orders of 

magnitude lower than that along the π-stacking direction. This value would not be 

useful for our current work. If we want to measure mobility along the π-stacking 

direction with SCLC method, we need to prepare DNTT film with face-on molecular 

orientation, which is highly difficult or even impossible task because only few organic 

field-effect semiconductors may adopt face-on orientation under special growth 

conditions. Until now, all the reported DNNT film adopt edge-on orientation18,19,20,21.  

 

Fig. R11. The device structure of SCLC. DNTT normally forms edge-on molecule 

orientation. Charge transport is vertical to π-stacking direction in the SCLC structure.  

②  Hall effect measurement is normally suitable for semiconductors with high 

mobility; otherwise the Hall voltage might be overshadowed by the noise such as 

thermoelectric voltage and misalignment voltage. Therefore, in organic 

semiconductors, Hall measurement is always performed on single crystal system with 

mobility of several to tens of cm2/Vs22,23,24. Since DNTT polycrystalline films in our 

work exhibit mobility about 1 cm2/Vs, it would be highly difficult to measure the Hall 

voltage and further calculate mobility. In addition, Hall mobility describes the 

intrinsic transport of free charge carries, which does not match the DNTT devices in 
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this work.  

Above all, field-effect method is still reasonable way to measure the mobility of 

DNTT film in the off-state regime. Furthermore, DNTT film is highly ordered 

(confirmed by XRD measurements), so the mobility shows weak dependence on the 

voltage, which has been demonstrated by the literatures10-13. Therefore, we use the 

mobility at Vg-Vth = 0 to calculate other parameters in the off-state regime.   

 (2) Estimation of carrier density 

We agree with your comment about the equation (σoff = neμ). This equation is 

derived from generalized ohm's law, and the I-V relation in the off-state don’t obey 

ohm’s law. In order to estimate charge density n, we use the drift current equation. 

The current density is defined as the amount of charge that passes through a unit area 

per unit time.  

ܬ = ݐܵܳ 																																																																																																																																							(13) 
where Q is quantity of charge, and S is sectional area. Assuming that the length of 

charge drifting in time t is L, Eq. (13) becomes  

ܬ = ݐܮܵܮܳ = ݐܸܮܳ 																																																																																																																									(14) 
Inserting 

ொ =  and ݊ݍ
௧ =  into Eq. (14), it becomes ݒ

ܬ =  (15)																																																																																																																																				ݒ݊ݍ
Where n is volume density of charge carrier, and ݒ is drift velocity of charge carrier. 

Using ݒ = ܬ  with Eq. (15), the current density can be given by ܧߤ =  (16)																																																																																																																												ܧߤ݊ݍ
The carrier density in off-state can be estimated through Eq. (16) with field-effect 

mobility extracted by transfer curve in off-state (Vg-Vth=0). We have recalculated the 

noff of the DNTT OFETs and modified Fig. 3f.  
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(3) Fermi level shift 

According to your comments, we estimated the Fermi level shift in the depleted 

region near GBs by Eq. (17)8    

ிܧ − ܧ + ܧ ≈ ݈݇ܶ݊ ൬ ݊ܰ൰																																																																																													(17) 
where ܰ = 2(ଶగ∗ ಳ்మ )యమ = 2(ଶగబಳ்మ )యమ(∗బ)యమ. ݉ is the electron rest mass, and ݉∗  is the hole effective mass. ݉∗ /݉ is set to be 2.5 for DNTT according to the 

previous report25. Using n of the DNTT OFETs at a temperature range of 298-358K, 

the Fermi level shift △EF was estimated to be -45 meV, i.e., EF shifted 45 meV to the 

valence band. 

Our revisions: We modified the estimation of mobility and carrier density in the 

off-state, and estimated the Fermi level shift. The corresponding data and discussion 

were added into main text and Supplementary Information. 

Comments 8: The estimation of the Debye screening length is incorrect. The Debye 

length derived by the authors is unrealistically large. It is normally on the order of 10 

nm for organic semiconductors. Presumably, the authors made a fatal mistake on 

conversion from cm to m, or conversion from 2D to 3D charge density. From my 

rough estimation with n of 1018~1019 cm-3 (the typical value of n that is induced at the 

OFET devices), the Debye length can be a few nm. This gives a conceptional failure 

because the grain boundary engineering never works on the precise tune of barrier 

height. The author should double-check the values. 

Our reply: Thanks for your comments on the Debye length, which enable us to think 

it deeply. Below we would like to explain it in details. 

Debye length is defined as  

݈ = ඥߝ௦ߝ݇ܶ/ݍଶ݊																																																																																																													(18) 
It is noticed that volume charge density n is a critical parament in question. The n 
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of 1018~1019 cm-3 is indeed reported at the OFET devices. However, it is the typical 

value for deliberately doped organic semiconductors26,27 or the OFETs in the on-state 

(Vg induced a mass of charge carriers)28,29. The areal carrier density in on-state can be 

given by ݊ = ଵ )ܥ ܸ − ௧ܸ)13, where Ci is capacitance per unit area of dielectric. 

The Ci of common dielectric materials is a few or tens nF/cm2 and Vg-Vth varies from 

several to tens of V. As a result, non is about 1011~1013 cm-2, i.e., volume density is 

about 1017~1019 cm-3 assuming the uniform distribution of carriers in conducting 

channel.  

In our experiment, the discussion of temperature dependence is in the off-state, so 

the charge density noff is much lower than 1018~1019 cm-3. According to Eq. (16), the 

noff of the DNTT devices are estimated to be 1013~1014 cm-3, which is reasonable and 

also accords with the previous reports30,31. In addition, this density range can be 

further verified by the following considerations: Generally, the on/off rate of OFETs is 

about 105 in our work. The increased conductance is mainly contributed from carriers 

induced by high Vg, considering week dependence of mobility on Vg (µon/µoff <10). 

Assuming the non of 1018~1019 cm-3, the value of noff can be roughly estimated to be 

1013~1014 cm-3. 

It should be pointed that the noff here is density of free carriers, and the n for 

calculating Debye length should be density of total carriers32,33,34. The carriers in 

off-state is mainly derived from impurities that act as dopants. In our experiment, the 

DNTT OFETs were fabricated in the similar condition (only evaporation rate and 

substrate temperature were tuned), so the doping density should be consistent. 

Nevertheless, the estimation of noff shows decreasing trend with the increase of grain 

size, which may be explained by the fact that larger barrier at GBs results in more 

restriction of carriers. In consequence, noff of 200 nm DNTT film with minimal barrier 

may be closer to total carrier density (ntot). Therefore, it is more reasonable to use this 

value as ntot to calculate Debye length. From the estimation with noff of 1×1014 cm-3, 

the Debye length can be determined to be about 200 nm. This value was similar to 
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some reports in semiconductors with low doping level31,34.    

According to your comments, we use the more reasonable assumptions and 

deductions, and find that the Debye length is smaller than we calculated before. The 

grain size of 520 nm is larger than 2lD, so the barrier of GBs should be discussed in 

two conditions: 

ܧ = ۔ۖەۖ
ߝ௦ߝଶ݈݊ଶ8ݍۓ 																											݈ < ݊ߝ௦ߝଶܳ௧ଶ8ݍ(19)																																																																																ܮ2 																									݈ >  (20)																																																																																ܮ2

When l < 2lD, the EB ∝ l2, as indicated in Eq. (19). As the grain size increases to 

more than 2lD (݈ >  .), EB becomes independent of l, corresponding to Eq. (20)ܮ2

This finding is very important to explain why the proper grain size (corresponding 

to the proper potential barrier at grain boundary) may cause the largest temperature 

dependent charge transporting (i.e., the largest sensitivity). The details will be 

described in the Our reply for Comments 9. Thanks again for your professional and 

constructive comments and suggestions, which truly help us to understand our results 

deeply and to find the proper explanation. 

Concerning your doubt whether the grain boundary engineering works on the 

precise tuning of barrier height, there are already some reported works on this topic. 

(1) John Y. W. Seto proposed a barrier model at grain boundary in 197535, in which 

the height of barrier is mainly related to identical grain size ݈  (cm), trap 

concentration Qt (cm-2) at grain boundary, and doping density N (cm-3). (Fig. R12). (2) 

Donghang Yan group investigated surface potential of polycrystalline organic 

semiconductors by KPFM, and found that GBs barrier heights vary with grain sizes31 

(Fig. R13). However, these studies did not investigate the influence of potential 

barrier on the temperature dependence of charge transport, which is the key discovery 

of our work. 

Based on these model and method, we achieved the controllable tuning of barrier 
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height by grain boundary engineering, and investigated the significance effect of 

potential barrier at GBs on the temperature dependence of charge transport, which is 

the key discovery in our work, and has not been reported previously. 

 

Fig. R12. The curve of potential barrier at GBs and charge density n, and the 

maximum of barrier can be obtained when N= trap concentration Qt / grain size L. (J. 

Appl. Phys. 1975, 46, 5247-5254.) 

 

Fig. R13. The variation of GBs potentials with grain sizes measured by KPFM. (Appl. 
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Phys. A 2008, 95, 125-130.) 

Our revisions: We modified the estimation of Debye length by recalculated carrier 

density in the off-state. The corresponding data and discussion were added into main 

text.  

Comments 9: In equations (4)-(5), the author should explain more about the 

assumptions used here. In a semiconductor textbook, n(Vg, T) =Nc(T)exp(-EB/kBT) is 

often found for instance a textbook written by Sze, where Nc(T) is temperature variant. 

Although I am not confident about how this expression is applicable to organic 

semiconductors, particularly in the thermionic emission model, the authors should 

take more cares of taking the derivative with T (i.e., dn/dT). It will be appreciated that 

the authors will communicate with semiconductor physicist to clarify why 26 meV 

(thermal energy of RT) plays a vital job on maximizing sensitivity. 

Our reply: Thanks for your professional comments and kind suggestions, which 

guides us to think some points deeply and correct some errors. We made a mistake in 

the analysis of maximum sensitivity in our origin manuscript because of ignoring the 

dependence of Nc on T. Thanks for pointing out this error!  

According to your comments, the knowledge in books and literatures, and the 

discussions with other experts in semiconductor physics, we found that it is more 

reasonable to derive the sensitivity (i.e., temperature dependence) by the current 

density through thermionic emission at GB. The differential sensitivity can be defined 

as 

ܵ = ܬ1  (21)																																																																																																																																ܶ݀ܬ݀
Inserting Eq (7) ܬ = ݔଶ݁ܶ∗ܣ ቀ−ாಷିாೇାாಳିಳಳ் ቁ, we can find that 

ܵ = 2ܶ + ிܧ − ܧ + ܧ − ݍ ܸ݇ܶଶ 																																																																																							(22) 
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Obviously, the sensitivity shows positive correlation with (ܧி − ܧ + ܧ − ݍ ܸ）, 

which is consistent with the fitting results (discussed in Our reply for Comment 6). 

Assuming the consistent dopant density (discussed in Our reply for Comment 8), ܧி −   makes no difference for devices with the same material. Therefore, the keyܧ

parameter influencing sensitivity is ܧ − ݍ ܸ.  

EB−qVB can be defined as the effective height of barrier EBe in bias voltage. As we 

have discussed, VB is increased with grain size ݈, given by Eq. (9). EB is given by Eq. 

(19) and (20). Using these Equations together, we obtain  

ܧ = ܧ − ݍ ܸ = ۔ۖەۖ
ۓ ߝ௦ߝଶ݊8ݍ ݈ଶ − ߚݍ ܸௌܮ ݈,																				݈ < 2݈																																					(23)ݍଶܳ௧ଶ8ߝ௦ߝ݊ − ߚݍ ܸௌܮ ݈,																					݈ > 2݈																																						(24)	 

The Schematic diagram of functional relationship between EBe and l is shown in 

Fig. R14. If l < 2lD, EBe is a quadratic function of l, and decreases firstly and then 

increases quickly with the increase of l. It should be noted that EBe is negative when l 

is very small, which means the potential barrier is too small to restrain charge carrier. 

If l >2lD, traps have been completely filled, so EB no longer varies with l. While VB 

still increases, EBe thus begins to decreases with l. Therefore, EBe should have a 

maximum when l is around 2lD, which produces highest temperature sensitivity. 
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Fig. R14. Schematic diagram of the variation of effective height of barrier EBe with 

grain size l. 

In our experiment, lD is estimated to be 200 nm, and grain size l varies from 200 

nm to 520 nm. Sensitivity increases firstly and then decreases. The maximum is 

obtained when l is 350 nm, which is near to 2lD of about 400 nm. These results are 

consistent with theory analysis.  

Above all, the reason why proper grain size that corresponds to proper potential 

barrier may yield largest temperature dependence of charge transport (i.e., largest 

temperature sensitivity) can be understood briefly as follows: According to Eqs. (22), 

(23) and (24), sensitivity depends on the effective height of barrier EBe, in which the 

potential barrier EB and the voltage VB are competitive and can be tuned by grain size. 

If the applied voltage is defined value, VB always increases lineally with grain size. As 

shown in Figure R14, the EBe - l relationship derived from Eqs. (23) and (24) has two 

regimes: (1) EB generally increases as a quadratic function of l when l < 2lD (Eq. (23)). 

(2) If l > 2lD, the traps at GBs are completely filled, rendering EB not to increase with 

l. However, VB still enlarges, so EBe begins to decline with l (Eq. (24)). Therefore, 

maximum of EBe (i.e., sensitivity) should be obtained when l is around 2lD, which 

further causes the strong temperature dependence of charge transport. 
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Our revisions: We made major revisions to the mechanism analysis and 

interpretation of modulating temperature dependence. The corresponding data and 

discussion were added into main text and Supplementary Information. 

Below are the experts in semiconductor physics and organic semiconductor who have 

deeply discussed with us on this work and given us constructive and professional 

suggestions.  

Prof. Zhongming Wei (semiconductor physics) 

State Key Laboratory of Superlattices and Microstructures, Institute of 

Semiconductors, Chinese Academy of Sciences, Beijing 100083, P. R. China. 

E-mail: zmwei@semi.ac.cn 

Prof. Jun Kang (semiconductor physics) 

Beijing Computational Science Research Center, Beijing 100193, P. R. China.  

E-mail: jkang@csrc.ac.cn 

Dr. Wenchong Wang (semiconductor physics) 

Physikalisches Institut, Westfalische Wilhelms-Universitat, Wilhelm-Klemm-Stralse 

10, 48149 Munster, Germany 

E-mail: wangw@uni-muenster.de 

Prof. Chengliang Wang (organic semiconductor) 

School of Optical and Electronic Information, Huazhong University of Science and 

Technology, Wuhan, Hubei 430074, P. R. China 

E-mail: clwang@hust.edu.cn 

Prof. Tao Li (semiconductor physics) 

School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, 

Shanghai 200240, P. R. China. 

E-mail: litao1983@sjtu.edu.cn 



26 
 

Prof. Yanyan Fu (semiconductor and sensor) 

Shanghai Institute of Microsystem and Information Technology, Chinese Academy of 

Sciences, Shanghai 200240, P. R. China. 

E-mail: fuyy@mail.sim.ac.cn 
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Reply for Reviewer #2 

Comments 1: Them manuscript entitled “Effectively Modulating Thermal Activated 

Charge Transport in Organic Semiconductors by Precise Potential Barrier Engineering” 

is focusing on studying the grain size effect on the transfer properties of the DNTT 

transistors and utilize the grains with different sizes and boundary density to achieve 

temperature sensor functions. The overall quality of the work is good and it should be 

published in nature communication. It covers from fundamental science to practical 

applications. Using the grain size effect to achieve temperature sensing is a very good 

idea. Here I summarized some of the comments for the authors to further improve the 

manuscript. 

Our reply: We greatly appreciate your high and constructive comments and 

suggestions, which help us to improve our manuscript, and make some unclear points 

clear.  

Below we would like to address your comments one by one. 

Comments 2: Fig. 3(d) is I_off, and it maybe confusing if the axis title used I_DS. 

Our reply: Thanks for your meticulously observation! Under your kind reminder, we 

double checked the title of all the Figures, and modified the unclear points. According 

to the comments by Reviewer #1, we modified the data fitting, and Fig. 3d was 

replaced with Fig. 3e in the revised manuscript.   

Our revisions: Some titles in Fig. 3 and 5 were modified. The necessary explains 

were added.  

Comments 3: The extraction of the mobility and carrier concentration in Fig. 3f is a 

bit confusing to me. Did the author use mobility and conductivity to get the carrier 

concentration or did they use the carrier concentration and conductivity to get the 
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mobility? If it is the first case, how did they calculate the mobility? If it is the 2nd 

case, how did they calculate the carrier concentration? 

Our reply: Thank you for pointing out this unclear point! Reviewer #1 also raised the 

similar question. According to your comments, we gave the calculation method of the 

saturated region mobility. We evaluated the dependence of mobility on gate voltage, 

and thus derived the mobility in the off-state, with which the carrier density in the 

off-state was calculated by drift equation.  

Below we would like to explain how to calculate the mobility (ߤ) and carrier density 

(n): 

We used the field-effect method to calculate the saturated region mobility by 

ௗ௦ܫ = ܮ2ܹ )ܥ௦௧ߤ ܸ − ௧ܸ)ଶ																																																																																																				(1) 
In order to estimate carrier density in the off-state, the dependence of mobility on 

gate voltage (Fig. R1, shown below) should be considered. DNTT is a 

thienothiophene small molecule organic semiconductor. These molecules are highly 

delocalized, closely stacked and a low degree of disorder10,11. The researches by Liu 

suggest that the ߤ − ݊  relation in OFETs is closely related to the degree of 

delocalization and order of organic semiconductors12,13. Fig. R1 shows the correlation 

between the dependency of ߤ on ܸ − ௧ܸ (i.e., the dependency of ߤ on ݊) and the 

degree of delocalization in organic semiconductors. We also extracted the ߤ-( ܸ −
௧ܸ) relation from transfer characteristic of the DNTT device as shown in Fig. R2, 

which indicates the week dependency of ߤ and Vg. The ߤ decreases by less than an 

order of magnitude from on-state (Vg-Vth = 20V) to off-state (Vg-Vth = 0). It is similar 

to TIPS-pentacene with △D=0.7 and �=0.36 (red line in Fig. R1 a and purple 

triangle in Fig. R1 b). We used the ߤ at Vg-Vth = 0 (the change of ߤ is negligible 

when Vg < Vth) as the estimated value of ߤ in the off-state to approximately calculate 
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charge density n, which would not cause a large deviation in the estimation of n.  

 

Fig. R1. a) The calculated mobility as a function of gate voltage for different ΔD. b) 

The values of ΔD and ΔE are plotted for different semiconductors. The gray arrow 

shows the direction of increasing disorder in charge transport. (Chuan Liu et. al Mater. 

Horiz. 2017, 4, 608) 

 

Fig. R2. The dependence of ߤ on ( ܸ − ௧ܸ) of the DNTT OFET. 

According to the comments by Reviewer #1, we recalculated carrier density in the 

off-state by drift equation. The current density is defined as the amount of charge that 

passes through a unit area per unit time.  

ܬ = ݐܵܳ 																																																																																																																																							(2) 
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where Q is quantity of charge, and S is sectional area. Assuming that the length of 

charge drifting in time t is L, Eq. (2) becomes  

ܬ = ݐܮܵܮܳ = ݐܸܮܳ 																																																																																																																									(3) 
Inserting 

ொ =  and ݊ݍ
௧ =  into Eq. (3), it becomes ݒ

ܬ =  (4)																																																																																																																																							ݒ݊ݍ
Where n is volume density of charge carrier, and ݒ is drift velocity of charge carrier. 

Using ݒ = ܬ with Eq. (15), the current density can be given by ܧߤ =  (5)																																																																																																																																				ܧߤ݊ݍ
where E is electric field intensity. The carrier density in off-state can be estimated 

through Eq. (5) with field-effect mobility extract by transfer curve in off-state 

(Vg-Vth=0).  

Our revisions: We have recalculated the noff of the DNTT OFETs and update the 

corresponding data. 

Comments 4: The structure of the device used in Fig. 5 should be given. Does it have 

the same structure as the device used in Fig. 3c? What gate bias is used to measure the 

delta_I? 

Our reply: Thank you for pointing out this unclear point! All devices used in this 

work are organic field effect transistor (OFET), as shown in Fig. 1b. In the 

application for temperature sensing, the gate bias is -20V, the same as used in the 

discussion of temperature dependence 

Our revisions: We have added the explain about the structure and gate bias of the 

devices in the main text, and added the structure diagram as the insert into Fig. 5a. 

(Fig. R3) 
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Fig. R3. Temperature resolution curve of sensor measured at 37-38 oC with a 

precision of 0.2 oC. The inset shows the structure of the device. 

Comments 5: More information about the origin of equation (2) and (3) would be 

useful. 

Our reply: Thanks for your helpful suggestion! According to theoretical model of 

GBs31,35, if ݈ < 2݈, the crystallite is completely depleted of carriers and the traps are 

partially filled (i.e., nl < Qt),  ܧ = ∅ݍ = ߝ௦ߝଶ݈ଶ݊8ݍ 																݈ < 2݈																																																																																				(6) 
If ݈ > 2݈, the crystallite is partly depleted and the traps are fully filled (i.e., nl > 

Qt), which enable EB to be independent of l, 

ܧ = ∅ݍ = ݊ߝ௦ߝଶܳ௧ଶ8ݍ 															݈ > 2݈																																																																																			(7) 
where ߝ  and ߝ௦  are vacuum permittivity and relative permittivity, respectively. ݈ = ඥߝ௦ߝ݇ܶ/ݍଶ݊	is the characteristic length of SCR and screen length against the 

trapped charges at the GBs38,39.  

Eqs. (6) and (7) are the Eqs. (2) and (3) in our origin manuscript, which was firstly 
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given by John Y. W. Seto in 197535 for describing the height of the barrier at grain 

boundary (GBs) of polycrystalline silicon. Donghang Yan et al. used these equations 

to explain the variation of potential at GBs measured by KPFM with grain size in 

organic semiconductors31.  

Our revisions: The references and discussions of the origin of equation (2) and (3) 

were added into the main text.   
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

I appreciated the authors that they have kindly addressed almost all my comments in the revised 

manuscript. 

However, I do not agree with the publication of this paper. Let me first summarize the authors’ 

achievements: 

1. The authors have successfully assessed the anomalous temperature dependence of off-state 

current of OFETs, and demonstrated reasonably high current sensitivity with respect to 

temperature. 

2. The authors attempted to analyze this anomalous temperature dependence, and concluded that 

this originates from the grain boundary size relative to the Debye screening length. 

3. The authors have successfully demonstrated highly-sensitive temperature sensors. 

 

First. I would say that the authors’ finding #1 is novel (to the best of my knowledge, there is no 

such report in organic electronics community, but I am not 100% sure in a (poly)-silicone 

electronics). 

 

Second, the authors’ conclusion #2 is not fully supported by their experimental results at all, I 

mean, the argument of Debye length is merely a speculation. 

The authors derived the Debye length, that is the most important parameter in this work, with the 

assumption of carrier concentration of 1014 cm-3. 

This value is really questionable. 

The way to derive carrier concentration at off state by the authors is to assume the carrier 

concentration of on-state as 1018~1019 cm-3, and simply to divide this value by the on-off ratio 

of 105 to get the carrier concentration of 1014 cm-3. 

I would NEVER accept this simplistic calculation. 

In abstract of the revised manuscript, the authors clearly concluded that “this strategy 

theoretically and experimentally discloses that … when EBe reaches the maximum at the point of 

grain size near to twice of Debye length…”. 

However, there is no experimental nor theoretical backup for pinpointing the Debye screening 

length. 

The authors listed some references to justify the value of off-state carrier concentration, but there 

is no experimental backups either in the listed references. 

To the best of my knowledge, approximately 2.5*1014 cm-3 is the lower limit of carrier 

concentration that is determined by a trustable transport measurements (See T. Kaji et al, 

Advanced Materials, 21 3689 (2009)). 

It should be noted that this value is achieved for a single crystal rubrene with an extremely-high 

purity. 

I do not believe that the carrier concentration of present DNTT system (thermal evaporation on the 

polymer surface) is better than this value. 

In addition, as the authors stated in the revised manuscript, there is a certain amount of trap 

density-of-states (trap DOS) mainly due to grain boundaries, and the random potentials of CYTOP 

surface. 

Given this trap DOS (in-gap DOS) and the Fermi-Dirac distribution, there should be large amount 

of carriers thermally-excited in the off-state. 

This is why the off-current of the present OFET is relatively high (on the order of subnano A). 

Furthermore, the thermionic emission model presented in the manuscript is specialized too much 

to appeal to a broad audience of Nature Communications. 

I am afraid to say that I could not catch up the whole twelve equations in the revised manuscript. 

There must be prerequisite conditions in each equation, and it is impossible for me to judge 

whether they are all satisfied in OFETs. 

Overall, I do not give credit on the argument of Debye length and thermionic emission. 

The speculation that appears throughout the revised manuscript worsens the quality of paper. 



 

Last, in terms of the demonstration of temperature sensors (#3), I am afraid to say that this 

demonstration does not provide a groundbreaking insight on real applications. 

The present temperature sensors based on off-state OFETs geometry inherently have extremely 

high input impedance (>10 MOhm), which is not appreciated in the real analog circuit because the 

electronic noise level is larger when the resistance is larger. 

 

Overall, I do not agree with the publication of this paper as its present form. 

It is necessary to clarify what can be concluded strictly by experimental results and what is the 

authors’ speculation. 

Clearly the authors’ finding #1 is of interest to a broad audience. 

It would be the best to emphasize this aspect. 

If I may have a suggestion, it may be convincing if the authors develop the facts as follows; 

The high temperature sensitivity demonstrated in off-state OFETs (~155) can be far larger than 

what is expected from a standard thermally-activated carrier transport. 

When a typical activation energy of 100 meV for organics is assumed, the expected temperature 

sensitivity can be around 2 from 298K to 358K. 

This comparison will be more interesting and intuitive. 

 

 

Minor 

- In Fig.1c, please display “Vds = -60 V” either in Fig.1c or in caption for clarity. 

- In Fig.1d, please display “Vds = -60 V” and “Vgs = 0 V?” either in Fig.1d or in caption for clarity. 

- In Fig.3a and in the main manuscript, the expression of sensitivity is strange and misleading, it 

should be [I(Vg, T) − I(Vg, T0)]/ I(Vg, T0)], as I have suggested before. The authors’ definition 

∆I(Vg, ∆T) in the revised manuscript is mathematically strange. Clearly, I(Vg, T) − I(Vg, T0)] and 

∆I(Vg, ∆T) are not equivalent. 

- In Fig.3b, a unit of TCR should be unified, %K-1 is used in the revised manuscript, while %degC-

1 is used in Fig.3b. 

- In Fig.3f, please define ∆µoff/µoff0 and ∆noff/noff 0. They should be [µoff(T)-

 µoff(T=298)]/ µoff(T=298), and [noff(T)- noff(T=298)]/ noff(T=298). I do not prefer to use the 

subscription of off0 (off + zero), which is really misleading. Alternatively, the authors should re-

consider the plot: not taking the differential, but merely plotting µoff(T)/ µoff(T=298) and noff(T)/ 

noff(T). In this case, the values given at T=298 K are unity. This is more intuitive because 

multiplying µoff(T)/ µoff(T=298) and noff(T)/ noff(T) gives the sensitivity value. 

- In Fig,5, the resolution is really bad. Please modify this. Also, a unit of T is broken. 

- In Fig.5, the authors should double-check the value of sensitivity because the sensitivity was 

measured to be 155 in Fig.3, but the value in Fig.5 is 4 at 1K difference meaning that 240 at 60 K 

difference. Please explain this inconsistency. 

- In the method section, I would suggest the authors to remove pentacene section to the 

supplementary information, because all experimental results related to pentacene devices are 

shown only in SI. 

- Regarding Comment 4, I have just suggested to compare the sensitivity with a standard manner 

ie using TCR. With the current sensitivity of 155, TCR is estimated to be 1.65%K-1. I mean the 

current sensitivity of 155 and TCR of 1.65%K-1 are equivalent by definition. So I am happy if the 

author pointed out this (just saying 1.65%K-1 is good enough for a temperature sensor.) I would 

suggest that the sentences “However, it should be noted… Therefore, the sensitivity…” should be 

deleted. Also, in SI, the section of “the discussion of TCR” should be deleted because the 

presented argument is obvious. 

This is just to let you know that when we use a temperature sensor in real applications, the output 

is voltage most likely because these analog signal must be processed with a comparator or 

amplifier, where the TCR is more useful to design the circuit. 

 

 

 



Reviewer #2: 

Remarks to the Author: 

I think the authors have address most of my concern nicely and I believe the manuscript is ready 

for publication. Here are my two last minor concerns, 

 

The concept of “averaged TCR” is a bit weird as we all know that TCR value is highly localized 

temperature dependence and it will induce a lot of error if we use average value. So we usually 

use TCR value at certain temperatures, such as TCR300K 

 

One last concern is the calculation of the carrier concentration by using the mobility extracted from 

the off state. Since the off state current of the OFETs is relatively large in the current work, which 

may lead to an overestimation of n_off. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

The authors have addressed my major points in full. The quality of the work has improved and the 

paper can be published. 
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Notes: Figure * denotes the Figure in the main text, Figure R* denotes Figure in the 

reply for reviewer below, and Figure S* denotes Fig. in the Supplementary 

Information. For clarity and convenience, several Figures appear twice in our reply 

for different comments 

Reply for Reviewer #1 

Comments 1: I appreciated the authors that they have kindly addressed almost all my 

comments in the revised manuscript. 

However, I do not agree with the publication of this paper. Let me first summarize 

the authors’ achievements: 

1. The authors have successfully assessed the anomalous temperature dependence of 

off-state current of OFETs, and demonstrated reasonably high current sensitivity 

with respect to temperature. 

2. The authors attempted to analyze this anomalous temperature dependence, and 

concluded that this originates from the grain boundary size relative to the Debye 

screening length. 

3. The authors have successfully demonstrated highly-sensitive temperature sensors. 

Our reply: Thank you very much for reviewing our manuscript very patiently and 

meticulously. Your constructive comments and kind suggestions in the last and this 

review process truly guide us to improve the quality (including novelty and 

significance) of manuscript, correct some errors, and make some unclear points clear. 

Your summarization of our achievements is very accurate. Thanks again! We have 

carefully addressed all your comments in this round and made the corresponding 

revisions. 

For clarity and convenience, the key explanations and revisions are listed as follows:  
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(1) Some redundant and messy contents in the last reply may make you 

misunderstand the way we calculated carrier concentration in the off-state. We 

apologized and clearly clarified it in Our reply for comment 3. 

(2) The reason why the carrier concentration in DNTT film is more likely to be lower 

than organic single crystalline was explained in Our reply for comment 4. 

(3) The investigation of anomalous temperature dependence was emphasized, the 

theoretical model was simplified in the main text, and some parts are moved to the 

Supplementary Information. (Our reply for comment 5 and 7). 

(4) The feasible solution to high impedance of temperature sensors based on off-state 

OFETs was introduced. (Our reply for comment 6). 

(5) The minor errors were corrected. (Our reply for comment 8) 

Below we would like to address your comments one by one. 

Comments 2: First. I would say that the authors’ finding #1 is novel (to the best of 

my knowledge, there is no such report in organic electronics community, but I am not 

100% sure in a (poly)-silicone electronics). 

Our reply: Thanks a lot for your high comment! We have also tried our best to search 

for the temperature dependence of output current (including off-state and on-state) of 

OFETs from Web of Sciences database, and did not find such report in organic 

electronic community.  

We compared the temperature dependence of the DNTT OFETs with the highly 

sensitive (poly)-silicon devices. According to our investigation, thermistors based on 

polysilicon normally show TCR<1 %K-1 at room temperature1-3, and transistors based 

on polysilicon generally show the relative current change lower than one order of 

magnitude at the temperature difference of 60 K 4-7. Compared to the silicon 

electronics that we surveyed, our devices show higher temperature dependence.  

Our revisions: The find #1 is further highlighted in the revised manuscript according 
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to this Comments and Comments 7 (providing a comparison with the standard 

thermally-activated carrier transport). Thanks a lot! One simple sentence is added to 

address the comparison of this work with (poly)-silicon electronics (Page 12). 

Comments 3: Second, the authors’ conclusion #2 is not fully supported by their 

experimental results at all, I mean, the argument of Debye length is merely a 

speculation. 

The authors derived the Debye length, that is the most important parameter in this 

work, with the assumption of carrier concentration of 1014 cm-3. 

This value is really questionable. 

The way to derive carrier concentration at off state by the authors is to assume the 

carrier concentration of on-state as 1018~1019 cm-3, and simply to divide this value 

by the on-off ratio of 105 to get the carrier concentration of 1014 cm-3. 

I would NEVER accept this simplistic calculation. 

In abstract of the revised manuscript, the authors clearly concluded that “this strategy 

theoretically and experimentally discloses that … when EBe reaches the maximum at 

the point of grain size near to twice of Debye length…”. 

However, there is no experimental nor theoretical backup for pinpointing the Debye 

screening length. 

Our reply: We apologize for some redundant and messy contents in the last reply, 

which may make you misunderstand the way we calculated carrier concentration in 

the off-state.  

  In fact, the carrier concentration in the off-state of 1014 cm-3 was calculated by 

drift equation ࡶ = ࡱࢌࢌࣆࢌࢌ  with our experimental data, and the simple 

speculation (by the carrier concentration and on/off ratio) just served as an 

additional evidence to support the calculation with drift equation by 

experimental data.  

  For clarity, we would like to describe the calculation process below: 

In the drift equation (ܬ =  q is elemental charge, E = Vds/L is electric ,(ܧࢌࢌࣆࢌࢌݍ
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field intensity, and current density J is obtained from the off-state of transfer curve. 

Therefore, if µ in the off-state can be gotten by a reasonable way, the noff can be 

calculated.  

DNTT is a thienothiophene small molecule organic semiconductor. These 

molecules are highly delocalized, closely stacked and a low degree of disorder8,9. The 

researches by Liu et al. suggest that the organic semiconductors with high degree of 

delocalization and order show week dependence of mobility on gate voltage (Fig. 

R1)10,11. The dependence of ߤ and ( ܸ − ௧ܸ) in this work was examined. As shown 

in Fig. R2 (Supplementary Fig. 5), the result indicates the week dependency of μ and 

Vg, i.e., μ decreases by less than an order of magnitude from on-state to off-state. 

Therefore, noff was calculated by approximating µ at Vg-Vth = 0 as µoff.  

 

Fig. R1. a) The calculated mobility as a function of gate voltage for different ΔD. b) 

The values of ΔD and ΔE are plotted for different semiconductors. The gray arrow 

shows the direction of increasing disorder in charge transport. (Chuan Liu et. al Mater. 

Horiz. 2017, 4, 608) 
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Fig. R2. The dependence of ߤ on ( ܸ − ௧ܸ) of the DNTT OFET. 

  We admitted that this extraction of µoff is not absolutely accurate, but it would not 

yield a large error of the calculation of noff. In fact, there are other methods to 

characterize the mobility of organic semiconductors such as SCLC and Hall. However, 

it should be noted that FET characterization is the most reasonable way we can take to 

estimate µ in the off-state, because (1) SCLC is a common way to test mobility, but it 

encounters difficulties to measure the mobility along the π-stacking direction of 

organic field-effect semiconductors. (2) Hall effect measurement is normally suitable 

for semiconductors with high mobility; otherwise the Hall voltage might be 

overshadowed by the noise such as thermoelectric voltage and misalignment voltage. 

Therefore, in organic semiconductors, Hall measurement is always performed on 

single crystal system with mobility of several to tens of cm2/Vs.  

Our revisions: We modified the contents about the calculation of carrier 

concentration in the manuscript in order to clearly elucidate the extraction method of 

carrier concentration in the off-state (Page 14, 15). The detailed information is 

described in Supplementary section 6 and 7. 

Comments 4: The authors listed some references to justify the value of off-state 

carrier 

concentration, but there is no experimental backups either in the listed references. 
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To the best of my knowledge, approximately 2.5*1014 cm-3 is the lower limit of carrier 

concentration that is determined by a trustable transport measurement (See T. Kaji et 

al, Advanced Materials, 21 3689 (2009)). 

It should be noted that this value is achieved for a single crystal rubrene with an 

extremely-high purity. 

I do not believe that the carrier concentration of present DNTT system (thermal 

evaporation on the polymer surface) is better than this value. 

In addition, as the authors stated in the revised manuscript, there is a certain amount 

of trap density-of-states (trap DOS) mainly due to grain boundaries, and the random 

potentials of CYTOP surface. 

Given this trap DOS (in-gap DOS) and the Fermi-Dirac distribution, there should be 

large amount of carriers thermally-excited in the off-state. 

This is why the off-current of the present OFET is relatively high (on the order of 

subnano A). 

Our reply: Thanks for your professional comments! Organic single crystal generally 

has lower density of impurities and traps than thin film system, so organic single 

crystal devices should have higher carrier concentration. In fact, only specific 

impurity may serve as dopant and contribute to formation of free carriers, and most 

impurities serve as traps or scattering centers in organic semiconductors12-16. This 

point is very different from inorganic semiconductors, which can be vividly 

demonstrated in Fig. R3 (from 16th Lecture on Molecular Photoelectric Science by 

Seth R. Marder). It is still a challenge to justify what kind of impurities could ionize 

and contribute free carriers in organic semiconductors. Therefore, DNTT film 

(thermal evaporation on the CYTOP surface) may have more impurities but less 

carrier concentration than the single crystal rubrene.  
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Fig. R3. The difference of doping between inorganic and organic materials.  

  Furthermore, T. Kaji et al17 also verified the calculation of carrier concentration 

(2.5×1014 cm-3) and mobility (0.85 cm2·V-1·s-1) by the equation ߪ =  ,(Fig. R4) ߤݍ݊

which method is equivalent with ours. The calculated conductivity (3.4×10-3 S·m-1) is 

near to the measured one (3×10-3 S·m-1) from two-terminal measurements (similar to 

the off-state measurements for FETs). Ren. X. et al18 reported pentacene thin film 

with saturation mobility and conductivity of 1.25 cm2·V-1·s-1 and 3.503×10-4 S·m-1. 

With equation (ߪ =  the carrier concentration can be derived to be about ,(ߤݍ݊

1.75×1013 cm-3, which is also much lower than that of single crystal rubrene. It can be 

seen that the carrier concentration of organic thin film systems is lower than that of 

single crystal. 

 

Fig. R4. Screenshot of the reference (Adv. Mater. 2009, 21, 3689.) in which T. Kaji et 
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al. verified the calculation of carrier concentration by the equation ߪ =   .ߤݍ݊

  To the best of our knowledge, there are truly few experimental studies on the 

calculation of off-state carrier concentration in OFETs. We made a careful calculation 

with reliable experimental data by drift equation. This calculation is not absolutely 

accurate, but would not yield a large error. Furthermore, this calculation is suitable to 

semi-quantitatively or qualitatively interpret the experimental results in this work.  

Our revisions: Several sentences were added in the main text (Page 14, 15) in order 

to (1) clearly demonstrate the way we calculated carrier concentration in the off-state, 

and (2) describe the fact that the carrier concentration of DNTT film in this work is 

lower than that of single crystal. More detailed information is described in 

Supplementary section 7. 

Comments 5: Furthermore, the thermionic emission model presented in the 

manuscript is specialized too much to appeal to a broad audience of Nature 

Communications. 

I am afraid to say that I could not catch up the whole twelve equations in the revised 

manuscript. 

There must be prerequisite conditions in each equation, and it is impossible for me to 

judge whether they are all satisfied in OFETs. 

Overall, I do not give credit on the argument of Debye length and thermionic 

emission. 

The speculation that appears throughout the revised manuscript worsens the quality 

of paper. 

Our reply: Thanks for your constructive comments and suggestions. As you 

suggested, the anomalous phenomenon of temperature dependence will appeal to a 

broad audience. And theoretical model of correlation between the temperature 

dependence and potential barrier may provide reference for devices design, which 

may be interesting for specific readers. According to your comments and suggestions, 

we emphasized the investigation of anomalous temperature dependence of OFETs and 
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simplified the discussion of thermionic emission model in the revised manuscript. The 

secondary equations were moved to Supplementary Information.  

  After simplifying the theoretical model, only 6 equations are kept in the main text. 

We double-checked every equation in the manuscript. Eq. (1) about thermionic 

emission are widely used in the investigation of Schottky barrier in OFETs19-21. Eqs. 

(2-3), describing potential barrier of grain boundary, were also applied in organic 

semiconductors22-24, and the prerequisite conditions were assumed in the manuscript. 

Eqs. (4) and (5) are just a combination of Eqs. (1-3). Eq. (6) is the mathematical 

transformation of Eq. (1). The rest equations, about TCR and mobility in saturated 

region, are commonly used in OFETs and sensors. Our applications of the above 

equations meet the prerequisite conditions of usage. 

Our revisions: We emphasized the investigation of anomalous temperature 

dependence of OFETs and simplified the discussion of thermionic emission model. 

Some equations were moved to Supplementary Information.  

Comments 6: Last, in terms of the demonstration of temperature sensors (#3), I am 

afraid to say that this demonstration does not provide a groundbreaking insight on real 

applications. 

The present temperature sensors based on off-state OFETs geometry inherently have 

extremely high input impedance (>10 MOhm), which is not appreciated in the real 

analog circuit because the electronic noise level is larger when the resistance is larger. 

Our reply: Thanks for your professional comment! We agree that the high input 

impedance of OFET off-state usually leads to large noise. However, the noise 

originated from the high resistance could be suppressed by circuit design such as 

integration of low-noise amplifiers25. (Fig. R5).  

About this issue, we discussed with Prof. Xiaojun Guo (expert in organic 

semiconductor and circuits) and Dr. Wenchong Wang (expert in semiconductor 

physics and circuit design). They suggested that such off-state current of OFETs can 

be read out using commercial charge sensitive pre-amplifier chips with 

analog-to-digital converter. The chip, owning charge integrator operational amplifier, 
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can convert charge to voltage output, and has been widely used in active matrix 

imagers for finger print, X-ray imaging, which have similar level of off current for 

readout. In addition, the low off-state current is beneficial to reduce static power in 

practical applications.  

The information of two experts 

(1) Prof. Xiaojun Guo 

School of Electronic, Information and Electrical Engineering, Shanghai Jiaotong 

University 

Email: x.guo@sjtu.edu.cn 

(2) Dr. Wenchong Wang 

Institute of Physics, Muenster University 

wangw@uni-muenster.de 

 

Fig. R5. Screenshot of the reference (Active Electrodes for Wearable EEG 

Acquisition: Review and Electronics Design Methodology. IEEE T. Bio-Med. Eng. 

2017, 10, 187−198) in which authors reviewed the design of electrodes with built-in 

readout circuitry for wearable devices with high input impedance. 

Our revisions: Several sentences are added to address the problem of high input 

impedance of OFET-based sensors and the feasible solutions (Page 18 in main text).  

Comments 7: Overall, I do not agree with the publication of this paper as its present 

form. It is necessary to clarify what can be concluded strictly by experimental results 

and what is the authors’ speculation.  

Clearly the authors’ finding #1 is of interest to a broad audience. It would be the best 
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to emphasize this aspect.  

If I may have a suggestion, it may be convincing if the authors develop the facts as 

follows; 

The high temperature sensitivity demonstrated in off-state OFETs (~155) can be far 

larger than what is expected from a standard thermally-activated carrier transport. 

When a typical activation energy of 100 meV for organics is assumed, the expected 

temperature sensitivity can be around 2 from 298K to 358K. 

This comparison will be more interesting and intuitive. 

Our reply: Thank you very much for the valuable and professional suggestions! In 

addition, we apologized again for the misleading information about the calculation of 

carrier concentration, which has been clarified in Our reply for comment 3  

We clarified the following points are concluded or calculated strictly by our 

experimental data. For example, 1) the variation tendency of sensitivity with grain 

sizes and corresponding potential barrier; 2) the calculation of carrier concentration 

and Debye length; 3) the analyzation of the effective height of the potential barrier 

and its impact with sensitivity; 4) the demonstration of the temperature sensors. In 

addition, some approximation and speculations were also made, such as 1) the 

negligence of tunneling current; 2) simplification of the voltage drop across 

boundaries; 3) calculation of mobility in the off-state.  

Furthermore, in the revised manuscript we emphasized the high temperature 

dependence of our devices by comparison with the standard thermally-activated 

carrier transport according to your constructive and kind suggestions. 

Our revisions: According to your constructive and kind suggestions, we made some 

revisions as follows: (1) modified the main text in order to emphasize the high 

temperature dependence of our devices, and the theoretical discussion part was 

simplified in the main text. (2) The sentences your suggested were added in the 

abstract (Page 2) and main text (Page 11) “Significantly, through this strategy a 

traditional thermo-stable organic semiconductor 

(dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene, DNTT) achieves extremely high 
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thermo-sensitivity (relative current change) of 155, which is far larger than what is 

expected from a standard thermally-activated carrier transport (Assuming the typical 

activation energy of 100 -200 meV for organics8,18, the expected temperature 

sensitivity is only around 1-3 from 298K to 358K).” (3) some approximation and 

speculations are briefly described in the main text and Supplementary Information. 

Comments 8: Minor 

(1) In Fig.1c, please display “Vds = -60 V” either in Fig.1c or in caption for clarity. 

In Fig.1d, please display “Vds = -60 V” and “Vgs = 0 V?” either in Fig.1d or in caption 

for clarity. 

(2) In Fig.3a and in the main manuscript, the expression of sensitivity is strange and 

misleading, it should be [I(Vg, T) − I(Vg, T0)]/ I(Vg, T0)], as I have suggested before. 

The authors’ definition ΔI(Vg, ΔT) in the revised manuscript is mathematically strange. 

Clearly, I(Vg, T) − I(Vg, T0)] and ΔI(Vg, ΔT) are not equivalent. 

(3) In Fig.3b, a unit of TCR should be unified, %K-1 is used in the revised manuscript, 

while %degC-1 is used in Fig.3b. 

(4) In Fig.3f, please define Δμoff/μoff 0 and Δnoff/noff 0. They should be [μoff(T)- 

μoff(T=298)]/ μoff(T=298), and [noff(T)- noff(T=298)]/ noff(T=298). I do not prefer to use 

the subscription of off0 (off + zero), which is really misleading. Alternatively, the 

authors should re-consider the plot: not taking the differential, but merely plotting 

μoff(T)/ μoff(T=298) and noff(T)/ noff(T). In this case, the values given at T=298 K are 

unity. This is more intuitive because multiplying μoff(T)/ μoff(T=298) and noff(T)/ noff(T) 

gives the sensitivity value. 

(5) In Fig,5, the resolution is really bad. Please modify this. Also, a unit of T is 

broken. 

(6) In Fig.5, the authors should double-check the value of sensitivity because the 

sensitivity was measured to be 155 in Fig.3, but the value in Fig.5 is 4 at 1K 

difference meaning that 240 at 60 K difference. Please explain this inconsistency. 

(7) In the method section, I would suggest the authors to remove pentacene section to 

the supplementary information, because all experimental results related to pentacene 
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devices are shown only in SI. 

(8) Regarding Comment 4, I have just suggested to compare the sensitivity with a 

standard manner ie using TCR. With the current sensitivity of 155, TCR is estimated 

to be 1.65%K-1. I mean the current sensitivity of 155 and TCR of 1.65%K-1 are 

equivalent by definition. So I am happy if the author pointed out this (just saying 

1.65%K-1 is good enough for a temperature sensor.) I would suggest that the sentences 

“However, it should be noted… Therefore, the sensitivity…” should be deleted. Also, 

in SI, the section of “the discussion of TCR” should be deleted because the presented 

argument is obvious. This is just to let you know that when we use a temperature 

sensor in real applications, the output is voltage most likely because these analog 

signals must be processed with a comparator or amplifier, where the TCR is more 

useful to design the circuit. 

Our reply: Thank you very much for your meticulous observation and kind 

suggestions, according to which we have made the corresponding revisions.  

Our revisions: For clarity, we added number (1-8) to the above comments and made 

the corresponding revisions as follows: 

(1) we displayed “Vds = -60 V” in the caption of Fig. 1c, and “Vds = -60 V” and “Vg = 

0 V” in thee caption of Fig. 1d.  

(2) We modified sensitivity as [I(Vg, T) − I(Vg, T0)]/ I(Vg, T0)], and displayed the 

corresponding value of Vg and T in the caption.  

(3) The unites of TCR were unified as %K-1.  

(4) The titles of vertical axis in Fig. 3f were changed to [μoff(T)- μoff(T=298)]/ 

μoff(T=298), and [noff(T)- noff(T=298)]/ noff(T=298).  

(5) We replaced Fig. 5 with a high-resolution photograph. 

(6) In Fig. 5a, I/I0 is 3.8 while ΔI/I0 is 2.8 at 1K difference meaning that 168 at 60 K 

difference. It is a little larger than 155, which is within the measurement error.  

(7) The method section about pentacene was moved into supplementary information. 

(8) We deleted the needless discussion about TCR both in main text and SI.  
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Reply for Reviewer #2 

Comments 1: I think the authors have address most of my concern nicely and I 

believe the manuscript is ready for publication. Here are my two last minor concerns, 

Our reply: Thank you very much for your high comments and support! 

Comment 2: The concept of “averaged TCR” is a bit weird as we all know that TCR 

value is highly localized temperature dependence and it will induce a lot of error if we 

use average value. So we usually use TCR value at certain temperatures, such as 

TCR300K 

Our reply: Thanks for your high and professional comments! According to your 

comment, we deleted the definition of average value of TCR in Supplementary 

Information.  

Our revisions: The define of average value of TCR was deleted. 

Comments 3: One last concern is the calculation of the carrier concentration by using 

the mobility extracted from the off state. Since the off-state current of the OFETs is 

relatively large in the current work, which may lead to an overestimation of noff. 

Our reply: Thanks for your professional comments! The off-state current of our 

OFETs is indeed relatively large, so we checked the gate current. However, no 

discernible leakage of current was found (as shown in Fig. R5). Therefore, the 

off-state current factually reflects the free carrier concentration of the DNTT film. 
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Fig. R5. The characteristic curves of the DNTT OFET with grain size of 200 nm. 

 

Reply for Reviewer #3 

Comments 1: The authors have addressed my major points in full. The quality of the 

work has improved and the paper can be published. 

Our reply: Thank you very much for your high comments and support! Your 

comments and suggestions help us improve the quality of the manuscript. 
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

I appreciate again the authors that they have carefully considered my comments in the revised 

manuscript. 

I am now happy with most of their reply. 

However, I am still largely negative to this paper, particularly about the argument of carrier 

concentration, which is a critical factor to justify the theoretical model proposed by the authors. 

 

The drift equation was used to derive the carrier concentration. 

The authors evaluated the mobility at the off-state from the saturation regime of FET. 

Clearly, the drift equation holds as long as the electric field is uniform across a conductive media, 

whereas in the saturation regime in FET the electric field is not uniform at all. 

It is obvious that the current increases linearly with E in the drift equation, but the current 

saturates with E in the saturation regime of FET. 

These two equation should not be used at the same time. 

This internal inconsistency worsens the validity of their carrier concentration. 

In the ref. 18 (in the reply letter), the value of carrier concentration was not specifically evaluated 

by Ren and coworkers. So I do not believe that this reference supports 10^14 cm^-3 carrier 

concentration. 

 

I strongly suggest to tone down the argument of the Debye screening length throughout the 

manuscript. 

I do not accept the exaggerated sentences, for example in the Abstract, “This strategy discloses 

that ….” 

At the same time, I feel that the paper may lose its impact and significance if the argument of the 

theoretical model is eliminated from the manuscript. 

Overall, I am still very negative to this paper. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

I believe the authors have addressed all the concerns and comments raised by all the reviewers. 

This manuscript is ready for publication in Nature Communications. 
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Reply for Reviewer #1 

Comments 1: I appreciate again the authors that they have carefully considered my 

comments in the revised manuscript. 

I am now happy with most of their reply. 

However, I am still largely negative to this paper, particularly about the argument of 

carrier concentration, which is a critical factor to justify the theoretical model 

proposed by the authors. 

The drift equation was used to derive the carrier concentration. 

The authors evaluated the mobility at the off-state from the saturation regime of FET. 

Clearly, the drift equation holds as long as the electric field is uniform across a 

conductive media, whereas in the saturation regime in FET the electric field is not 

uniform at all. 

It is obvious that the current increases linearly with E in the drift equation, but the 

current saturates with E in the saturation regime of FET. 

These two equations should not be used at the same time. 

This internal inconsistency worsens the validity of their carrier concentration. 

Our reply: Thank you for reviewing our manuscript for three times although the 

comments in this round are critical and negative. We highly appreciated your 

comments during the past review rounds, which truly helps us deeply understand our 

work and constructively improve the manuscript.  

Please further spare some time to read our explanation for the internal 

consistence between drift equation and saturation equation in FET as well as the 

validity of carrier concentration calculation. Thanks for your patience and support!  

As stated in these comments, in our work the drift equation (ܧߤ݊ݍ=ܬ, Eq. 1) was 

used to derive the carrier concentration, and the mobility in the off-state was 
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evaluated from the saturation regime of FET with the standard equation (ܫ =ௐଶ ீܸ)ߤ௫ܥ − ்ܸ )ଶ, Eq. 2). In fact, these two equations have internal consistence 

because of the following points: 

(1) Classical literatures1-4 and textbooks5-7 demonstrate that the equation in the 

saturation regime of FET (Eq. 2) is derived from the drift equation (Eq. 1), 

and Eq. 1 is still valid when electric field is non-uniform. In fact, the drift 

equation is a classical equation to describe the motion of carriers under electric 

field, and has a wide range of applications, even for some devices with complex 

potential distribution. Most of equations, that describe the motion of carriers 

driven by electric field, are derived from drift equation. Figure R1 shows the 

screenshot of textbook-level reviews of FET (Chem. Mater. 2004, 16, 4436-4451, 

times cited: 1091. Chem. Rev. 2007, 107, 4, 1296–1323, times cited: 1651), which 

demonstrates the following points: I-V characteristics in linear and saturation 

regime of FET are derived from the drift equation, and uniform electric field is not 

the necessary for drift equation, so the drift equation is still valid in the saturation 

regime of FET although the electrical field is not uniform.  
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Figure R1. I-V characteristics in linear and saturation regime of FET are derived 

from drift equation. (screenshot of the textbook-level literatures). Note: Eq. (3) in 

left panel and Eq. 2.3 in right panel are the different forms of drift equation, and 

can be transformed to the standard form. 

(2) Drift equation is still valid when the current saturates with electric field (E) 

in the saturation regime of FET. In fact, in the saturation regime of FET, the 

electric field at the drain extends the depletion region and narrows the effective 

conductive channel (“pinch-off” effect), which causes the carrier concentration 

decreasing from the source to the drain electrode (Figure R2a)1. In another word, 

in the saturation regime, the electric field increases, but the average carrier 

concentration induced by gate voltage in the channel decreases, which leads 

to the current saturation effect (Figure R2b). Therefore, the saturation effect 

does not invalidate the drift equation. Otherwise, the Eq. 2 could not be derived 

from Eq. 1. Many classical books5-7 and literatures1-4 can support this point. 
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Figure R2. a) Schematic structure of FETs in saturation regime (screenshot of the 

reference, Chem. Rev. 2007, 107, 4, 1296–1323.). b) Illustration of the validity of 

the drift equation in saturation regime. 

Above all, it can be found that the Eq. 1 is the basis of Eq. 2 and the saturation 

effect totally accords with the drift equation, so there is no internal inconsistence 

between these two equations at the basic physical level, which may guarantee the 

validity of the calculation of carrier concentration. 

In addition, we want to address another point as follows: since discovery, organic 

electronics have undergone significant progresses especially at the materials and 

manufacture, but the device physics and models are still immature mainly because 

organic systems are very complex and such investigation is highly challenging. This 

work studied the thermal-activated charge transporting of organic semiconductors. We 

found anomalous and strong temperature-dependent charge transporting in FET and 

established a model to interpret it. The novelty and significance of this work have also 

been recognized by you and another two reviewers. Based on the above “Our reply 

for Comments 1” and the description in the manuscript, we believe that our model can 

explain the experimental results. Moreover, our experimental observation and 

theoretical model may provide meaningful information for the field of organic 

electronics. We sincerely hope you can support us. Your support will be another 

motivation for us to continue working on organic electronics especially at the aspect 

of device physics. Thank you very much for your understanding and supporting!    
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Our revisions: The brief description about the internal consistence between drift 

equation and saturation equation is added into the main text (Page 14) to demonstrate 

the validity of carrier concentration calculation.    

Comments 2: In the ref. 18 (in the reply letter), the value of carrier concentration was 

not specifically evaluated by Ren and coworkers. So I do not believe that this 

reference supports 1014 cm-3 carrier concentration. 

I strongly suggest to tone down the argument of the Debye screening length 

throughout the manuscript. 

I do not accept the exaggerated sentences, for example in the Abstract, “This strategy 

discloses that ….” 

At the same time, I feel that the paper may lose its impact and significance if the 

argument of the theoretical model is eliminated from the manuscript. 

Overall, I am still very negative to this paper. 

Our reply: It is often reported8-13 that the organic semiconductors with ࣆ of around 

1 show conductivity ࣌ of 10-4 to10-6 S cm-1, so the carrier concentration n can be 

simply calculated to be 1014-1012 cm-3 by ߤݍ݊ = ߪ. Though Ren and coworkers8 do 

not evaluate specifically, n can also be simply derived to be in the above range. The 

literature you listed also used this equation and reported the value in this range13. Our 

calculation is well in the reported reasonable range. 

   In this work, we reported the anomalous and strong temperature dependence of 

OFETs, and further proposed a theoretical model to analyze the experimental results. 

According to “Our reply for Comments 1”, the calculation of carrier 

concentration with drift equation is valid, so theoretical model for the 

experimental results should be valid as well.  

On the other hand, the anomalous temperature dependence is one key significance 

and novelty of this work, as you commented in the last review round. Therefore, 
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according to your suggestions in the last review round, we have already toned down 

the theoretical model part. However, if we eliminate the theoretical part, it would be 

difficult for the potential readers to understand this work. In fact, we cherished and 

respected all your comments and suggestions during the past three review rounds, but 

could not accept your suggestions here. Sorry for this point! Thanks for your 

understanding and supporting! 

 

Reply for Reviewer #2 

Comments 1: I believe the authors have addressed all the concerns and comments 

raised by all the reviewers. This manuscript is ready for publication in Nature 

Communications. 

Our reply: Thank you very much for your high comments and support! Your 

comments and suggestions help us improve the quality of the manuscript. 
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

I am grateful that the authors responded to my comments. 

Although I am still skeptical of estimation of carrier number, I agree with the acceptance of this 

paper. 

However, I feel that the argument about the Debye length should be left as an open question. 

 

I meat to say that the authors did assume the drift equation to a simple Ohms law; the current 

linearly responds to an applied voltage. 

But no evidence of the linear response of IV characteristics has been provided. 

It would be great if the authors provide Ids vs Vds characteristics of off-state in FETs, and 

summarize all the parameters to estimate carrier number (Ids, Vds, L, W, d; thickness, and 

mobility) in supplementary information. 

 

Now, the authors used the mobility at Vg=0, for which a certain number of carrier is accumulated 

at the channel because this condition does not satisfy the flat-band condition. 

It means that the mobility used here is apparently the upper limit. 

I would strongly suggest the authors to discuss the error bar in carrier density, by considering the 

lower limit of mobility. 

 

In addition, a simultaneous use of drift equation and FET's saturation equation may lead another 

issue; the former describes a purely bulk conduction, and the later does an interfacial, 2D 

conduction. 

The author should leave this issue as an open question, and clearly mention that the present 

method to estimate the Debye length is not established. 
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Reply for Reviewer #1 

Comments 1: I am grateful that the authors responded to my comments. 

Although I am still skeptical of estimation of carrier number, I agree with the 

acceptance of this paper. 

However, I feel that the argument about the Debye length should be left as an open 

question. 

Our reply: Thank you very much for your understanding, support and constructive 

and kind suggestions! Indeed, the precise estimation of the Debye length in organic 

semiconductors is very difficult due to the uncertain concentration of dopants. We 

admitted that our method may be not absolutely accurate although we have tried our 

best to give a reasonable method to calculate Debye length. According to your 

comments and suggestions, we clearly pointed out the difficulty of the Debye length 

calculation in the manuscript and left it as an open question. Thanks again! 

Our revisions: The corresponding discussion was added into the main text (Page 16). 

Comments 2: I meat to say that the authors did assume the drift equation to a simple 

Ohms law; the current linearly responds to an applied voltage. 

But no evidence of the linear response of IV characteristics has been provided. 

It would be great if the authors provide Ids vs Vds characteristics of off-state in FETs, 

and summarize all the parameters to estimate carrier number (Ids, Vds, L, W, d; 

thickness, and mobility) in supplementary information.  

Our reply: Thanks for your professional suggestions! According to them, we checked 

the I-V characteristic of the device by two-terminal measurement. As shown in Figure 

R1, the device exhibits linear I-V characteristic. Furthermore, we summarized all the 

parameters to estimate carrier concentration in the Table R1. Furthermore, we 

counted the parameters of 8 OFET devices in different batches, Ids and mobility in the 

off-state are in the range of 1.36×10-8 – 4.98×10-9 A and 0.35 – 0.13 cm2·V-1·s-1, 
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respectively. Therefore, the carrier concentration can be calculated to be 9.8×1013 – 

1.45×1014 cm-3 with these parameters.  

 

Figure R1. I-V characteristic of the device by two-terminal measurement. 

Table R1. Summary of the parameters to estimate carrier concentration. 

Vds (V) Ids (A) L (um) W (um) d (nm) off (cm2·V-1·s-1) 

-60 1.36×10-8 – 4.98×10-9 50 1000 20 0.35 – 0.13 

Our revisions: We added Figure R1 (I-V characteristics at Vg = 0 V) and Table R1 

and some discussion into Supplementary Information (Supplementary Figure S5 and 

Table S2).   

Comments 3: Now, the authors used the mobility at Vg=0, for which a certain 

number of carrier is accumulated at the channel because this condition does not 

satisfy the flat-band condition. 

It means that the mobility used here is apparently the upper limit. 

I would strongly suggest the authors to discuss the error bar in carrier density, by 

considering the lower limit of mobility. 

Our reply: Thanks for your valuable and constructive suggestion. We admitted that 

the approximation of the mobility in the off-state is not absolute strictness, but it is 

enough to qualitatively explain the anomalous temperature dependence in this work. 
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Furthermore, it is noted that the estimation of the lower mobility limit is quite difficult 

or impossible to some extent. To our knowledge, there are no reports on the off-state 

mobility in organic semiconductors.  

On the other hand, our OFETs show turn-on voltage higher than 0 V (more negative 

voltage), which means that the flat band condition is not satisfied at Vg = 0 V. The 

channel has few carrier accumulation before the flat band condition is satisfied, so the 

mobility at Vg = 0 V should be very close to that in the off-state.  

According to your suggestions, we tried another way to give the error bar of the 

carrier concentration. We calculated the current density and mobility of the 8 devices 

in different batches in the off-state. And the error bar of carrier concentration can be 

calculated to be 9.8×1013 – 1.45×1014 cm-3 with these parameters (Our reply for 

comment 2). 

Our revision: We added the discussion of error bar into the main text and 

Supplementary Information by considering the devices in different batches (Page 15 

in main text and Page 13 in Supplementary Information).  

Comments 4: In addition, a simultaneous use of drift equation and FET's saturation 

equation may lead another issue; the former describes a purely bulk conduction, and 

the later does an interfacial, 2D conduction. 

The author should leave this issue as an open question, and clearly mention that the 

present method to estimate the Debye length is not established. 

Our reply: Thanks for your kind and constructive comments and suggestions. As 

your comments, the saturation equation of FET normally describes 2D conduction in 

the on-state, which makes it difficult to accurately calculate the mobility in the 

off-state. Consequently, we tried reasonable approximations as much as possible, i.e., 

approximating mobility at Vg = 0 V to that in off-state. We acknowledge it is not 

absolutely accurate, but it is in the reasonable range and is enough to qualitatively 

explain the anomalous temperature dependence in this work (discussed in Our reply 
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for comment 3). As you suggested, it would be more precise to leave this issue as an 

open question, and clearly mention that the present method to estimate the Debye 

length is not established. 

Our revisions: we have modified the statements about estimation of Debye length 

(mainly in the combination of saturation equation in FET and drift equation), and left 

it as an open question. Thanks again! 

  


