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Precise Extraction of Charge Carrier Mobility for Organic Transistors
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Unreliable mobility values, and particularly greatly overestimated values and severely distorted temperature dependences, have recently hampered the development of the organic transistor field. Given that organic field-effect transistors (OFETs) have been routinely used to evaluate the mobility, precise parameter extraction using the electrical properties of OFETs is thus of primary importance. This review examines the origins of the various mobilities that must be determined for OFET applications, the relevant extraction methods, and the data selection limitations, which help in avoiding conceptual errors during mobility extraction. For increased precision, the review also discusses device fabrication considerations, calibration of both the specific gate-dielectric capacitance and the threshold voltage, the contact effects, and the bias and temperature dependences, which must actually be handled with great care but have mostly been overlooked to date. This paper serves as a systematic overview of the OFET mobility extraction process to ensure high precision and will also aid in improving future research.

Introduction

Mobility assessment has become a critical issue for organic transistors. [1] Pioneering researchers consistently suggested conservative methods to report mobility values based on the use of organic field-effect transistors (OFETs), [2][3][4] similar to the setup shown in Figure 1a. energetic disorders, and perhaps ionized impurity scattering (affecting the doping density) can degrade the mobility. The FET mobility occurs in transistors in which the high-density charges are distributed near the dielectric-semiconductor interface. The FET mobility thus suffers more from extrinsic effects, e.g., from surface roughness scattering, remote Coulombic scattering, and the contact resistance. Each of these limiting factors corresponds to one mobility type. The overall apparent mobility is based on the lowest value, as described by Matthiessen's rule: [START_REF] Sze | Physics of Semiconductor Devices[END_REF] 1

𝜇 = 1 𝜇 1 + 1 𝜇 2 + 1 𝜇 3 + ⋯ (1)
Despite the diversity of mobility types, this review concentrates on the few mobilities that are used regularly in OFETs only. Other mobilities like those extracted by using space-charge limited current (SCLC), [START_REF] Chu | [END_REF][19][20] time of flight (TOF), [21][22][23][24] and charge extraction by linearly increasing voltage (CELIV) may be superior in terms of reliability, [25] while they are not popularly utilized for OFETs. Interested readers can refer to the literature for more details.

Figure 1. Context for the OFET mobility extraction process. (a) A conservative method was originally proposed to report the mobility when using OFETs. Left: The fitting data slope is first high (giving high mobility) and then changes to low (giving low mobility), while a kink appears between these stages. The high mobility may be a result of the rapidly reduced contact resistance. Right: A typical OFET structure. [3] Copyright 2016, AAAS. (b) Illustration of mobility extraction with nonidealities. A nonideal indacenodithiophene-co-benzothiadiazole (IDT-BT) OFET annealed at 100ºC delivers lower current when compared with a near-ideal device annealed at 300ºC, while the extracted mobilities show an illogical contrast. [4] Copyright 2018, Macmillan. (c) Mobility extracted as a function of gate voltage. A peak is often observed around the threshold voltage itself because of a significant contact effect. [6] Copyright 2018, Macmillan. (d) Illustration of ambipolar conduction. Left: Band diagram of OFET with ambipolar conduction. Right: Typical transfer curves showing ambipolar characteristics. The mobili-ty extraction process is confused by the co-existence of holes and electrons within the channel. [14] Copyright 2016, Wiley.

Effective Mobility

The effective mobility is the averaged mobility of all charge carriers involved in the channel. For a transistor with channel width W and length L, the drain current I D comprises drift and diffusion components and can be expressed as 𝐼 𝐷 = 𝑊 𝐿 ∫ 𝜇 𝑒𝑓𝑓 𝑄 𝑖 𝑉 𝐷 0 𝑑𝑈 𝑐 (2) where μ eff is the effective mobility, Q i is the mobile charge density per unit channel area, V D is the drain voltage, and U C is the quasi-Fermi level. Application of a very small V D maintains a uniform charge distribution along the channel so that the diffusion current can be suppressed. I D can then be simplified to be given by (W/L)μ eff Q i V D and μ eff is then extracted using [START_REF] Schroder | Semiconductor material and device characterization[END_REF] 𝜇 𝑒𝑓𝑓 = 𝐿 𝑊 𝑔 𝑑 𝑄 𝑖 (3) where g d is the output conductance, which is defined as

𝑔 𝑑 = 𝜕𝐼 𝐷 𝜕𝑉 𝐷 | 𝑉 𝐺 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (4) 
where V G is the gate voltage. This case with a variable V D and a constant V G corresponds to measurement of the output characteristics, but in the linear region only (at small V D ).

To extract μ eff , it is necessary to determine Q i first. There are two ways to obtain Q i . The first is to approximate Q i using 𝑄 𝑖 = 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) (5) where C i is the specific gate-dielectric capacitance per unit area and V T is the threshold voltage. This approximation is valid when V G >> V T , i.e., in the strong accumulation regime, as shown in Figure 2b. This high-V G regime also minimizes the diffusion current, which is a dominant contributor in the sub-threshold regime. From another viewpoint, this approximation offers a different way to extract μ eff using the linear transfer characteristics:

𝐼 𝐷𝑙𝑖𝑛 = 𝑊 𝐿 𝜇 𝑒𝑓𝑓 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 )𝑉 𝐷 (6) where V G is variable and V D has a small constant value. The extraction methods will be described in more detail below.

Figure 2. Measurement of charge density using the capacitance-voltage (C-V) characteristics. (a) C-V characteristics of a top-contact, bottom-gate pentacene OFET at various frequencies. (b) Charge densities measured using the C-V characteristics and approximated using Q i = C i (V G -V T ). These two densities coincide at higher gate voltages. [START_REF] Xu | [END_REF] Copyright 2010, AIP.

In the approximation above, C i and V T must be determined precisely. However, C i is usually calculated using a nominal dielectric constant and thickness and thus may differ from the actual value to a notable extent. In addition, V T loses its original physical meaning, as in silicon metal-oxide-semiconductor field-effect transistors (MOSFETs), and can be influenced by a variety of uncontrollable effects in OFETs, [28][29][30] which means that V T is not explicit. These factors combine to make the μ eff extraction ambiguous. In fact, Q i can be measured directly using the capacitance-voltage (C-V) characteristics, as shown in Figure 2a. This is the second way to obtain Q i , which is given by 𝑄 𝑖 = ∫ 𝐶 𝐺𝐶 𝑑𝑉 𝐺 𝑉 𝐺 -∞ (7) where C GC is the gate-to-channel capacitance. This experimentally measured Q i avoids the prerequisite of knowing the values of C i and V T . Therefore, the capacitance-based Q i method is much simpler and more accurate when compared with the charge approximation-based method to extract μ eff . [START_REF] Xu | [END_REF]31,32] 

Low-Field Mobility

Because a higher V G applies in this case, charges are attracted towards the dielectricsemiconductor interface and the surface influence thus becomes stronger. μ eff declines with increasing V G . In general, μ eff follows the relationship with V G (see Figure 3) below: [START_REF] Schroder | Semiconductor material and device characterization[END_REF][START_REF] Xu | [END_REF] 𝜇 𝑒𝑓𝑓 = 𝜇 0 1+𝜃(𝑉 𝐺 -𝑉 𝑇 ) (8) where μ 0 is the low-field mobility and θ is the mobility attenuation factor.

In conventional Si MOSFETs, θ contains several contributions stemming from surface roughness scattering, quantization effects and other effects, and thus has positive values in principle. [33] μ 0 represents the upper limit of μ eff . This scenario applies to most OFETs, in which scattering caused by dielectric dipoles and the limitations of the contact resistance may play important roles. [START_REF] Xu | [END_REF] However, in some OFETs with very disordered organic semiconductor (OSC) or without appropriate optimization, μ eff can be enhanced by increasing V G , [34,35] where θ has negative values. μ 0 then represents the lower limit of μ eff . Regardless of the value of θ, it can be seen from Equation (8) and Figure 3 that μ 0 is μ eff when V G = V T , i.e., at a low gate field when the channel begins to be established. This implies that μ 0 is more like a bulk mobility rather than a surface mobility, so it is more intrinsic when compared with μ eff . Figure 3. Comparison of the three mobilities extracted from a top-contact, bottom-gate pentacene OFET. [START_REF] Xu | [END_REF] Copyright 2010, AIP.

Field-Effect Mobility

The field-effect mobility is derived from the transconductance g m , which is defined as

𝑔 𝑚 = 𝜕𝐼 𝐷 𝜕𝑉 𝐺 | 𝑉 𝐷 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (9) 
For a transistor operating in the linear regime (under application of a small V D ), and by combining Equation (5) with Equation ( 8), the drift current in Equation ( 2) can be rewritten as

𝐼 𝐷𝑙𝑖𝑛 = 𝑊 𝐿 𝜇 0
1+𝜃(𝑉 𝐺 -𝑉 𝑇 ) 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 )𝑉 𝐷 (10) Then, g m reads as

𝑔 𝑚 = 𝜕𝐼 𝐷 𝜕𝑉 𝐺 | 𝑉 𝐷 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑊 𝐿 𝜇 0 [1+𝜃(𝑉 𝐺 -𝑉 𝑇 )] 2 𝐶 𝑖 𝑉 𝐷 (11) 
The field-effect mobility μ fe is then defined as

𝜇 𝑓𝑒 = 𝐿 𝑊 𝑔 𝑚 𝐶 𝑖 𝑉 𝐷 = 𝜇 0 [1+𝜃(𝑉 𝐺 -𝑉 𝑇 )] 2 (12)
It is clear from the above that μ fe is more sensitive to θ when compared with μ eff . Therefore, μ fe is often lower than μ eff at higher V G values, as shown in Figure 3. [START_REF] Xu | [END_REF] The transconductance g m describes the ability of a transistor to modulate its output current upon application of a unit input voltage. Basically, g m is a device property rather than a physical parameter, which means that the g m -based μ fe may not be suitable for mobility characterization. One typical illustration of this point is that g m rises suddenly when the channel turns on, which does not reflect either the real mobility value or a mobility variation. [5,6] 

Saturation Mobility

The saturation mobility is calculated from the saturation current:

𝐼 𝐷𝑠𝑎𝑡 = 𝑊 2𝐿
𝜇 𝑠𝑎𝑡 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) 2 , 𝑉 𝐷 > (𝑉 𝐺 -𝑉 𝑇 ) (13) where I Dsat is the saturation current and μ sat is the saturation mobility.

In contrast to the mobilities derived from the output conductance or from the transconductance (which are in principle measured in the linear regime), the saturation mobility is measured in the saturation regime and has no explicit physical origin. High drain voltages or strong lateral fields can cause a series of problems, including velocity saturation [36] and ambipolar conduction, [14] that lead to underestimation or overestimation of the mobility. This problem will be discussed in more detail below.

Hall Mobility

The Hall mobility is not exactly a FET mobility because it is measured from specific samples by applying a magnetic field along with the applied electrical bias. Recently, however, use of the Hall mobility was proposed to characterize OFETs that showed severe nonidealities, or to confirm their high mobility and band-like charge transport. [4] It is therefore necessary to review this mobility as well. In the setup shown in Figure 4, the charges (holes) move from left to right under application of a lateral electric field (E x = V x /L, where V x is the external bias and L is the channel length). A magnetic field B is applied that induces the Lorentz force to drive the holes to move downward toward the bottom of the structure, thus building a Hall voltage V H that is measured from the bottom toward the top of the semiconductor film. The Hall mobility μ H is given by

𝜇 𝐻 = 1 𝑞𝑛 𝐼 𝑥 𝑉 𝑥 𝐿 𝑊𝑡 𝑆𝐶 ( 14 
)
where q is the elementary charge, n is the charge concentration (= I x B/qWV H , where I x is the external current and W is the channel width), and t SC is the semiconductor layer thickness. Further details on Hall effect measurements can be found in the literature. [37][38][39][40] μ H is essentially a bulk mobility and represents the upper limit of the FET's μ eff . This is because only mobile charges are driven by the Lorentz force to contribute to the Hall voltage while the trapped charges do not contribute. This can be understood in terms of the multiple trapping and release (MTR) model [41] 𝜇 𝑒𝑓𝑓 = 𝜇 0 * 𝜏 𝜏+𝜏 𝑡𝑟 (15) where μ 0 * is the intrinsic trap-free mobility and τ is the average time required for a polaron to travel between shallow traps. Alternatively, this equation can be rewritten as [37] 𝑛 𝑒𝑓𝑓 = 𝑛 𝜏 𝜏+𝜏 𝑡𝑟 (16) where n eff is the mobile charge density relative to the total charge density n. This observation implies that μ H reflects the intrinsic trap-free mobility of a FET or a semiconductor and thus coincides with μ 0 * . Note that μ 0 * here may not be equal to the low-field mobility μ 0 that was discussed for FETs. Moreover, one may wonder that the trapped charges do not contributed to the channel current yet why they are sometimes taken into account when studying mobility. In fact, from a mobility extraction point of view, the effective mobility has reflected such a trapping effect since it value is lowered as the trap density increases. Comparison shows that the room-temperature mobility in the longchannel device remains nearly constant with increasing drain voltage. [42] Copyright 2011, AIP.

Extraction methods

This section examines the corresponding methods required to extract the mobilities described above.

Linear Output (LO) I-V Method to Extract the Effective Mobility

The effective mobility μ eff is deduced from the output conductance g d . It is natural to measure the output characteristics (I D , V D ) and then use the linear region data (I D before current saturation) to calculate g d = ∂I D /∂V D from Equations ( 3) and (4); see Figure 5.

To extract μ eff , it is necessary to determine Q i , which is generally approximated using C i (V G -V T ), rather than use the C-V method because the V G is constant for each output curve. When the charge approximation applies, the data can be selected at a sufficiently high V G to ensure that the condition V G >> V T is satisfied. Otherwise, the channel is not in the strong accumulation regime. The real Q i can be lower than the value given by C i (V G -V T ) and the mobility may be overestimated (similar to Figure 3).

Furthermore, V D may not be very small, e.g., V D can sweep up to -5 V before current saturation. The maximum of V D = -5 V disturbs the charge uniformity from the source to the drain and is not negligible, even under the application of a high V G . It is therefore necessary to include V D in the charge approximation. μ eff is then extracted using

𝜇 𝑒𝑓𝑓 = 𝐿 𝑊 𝑔 𝑑 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 -𝑉 𝐷 ) (17) 
This method not only provides the mobility value but also offers the gate-voltage and drainvoltage dependences. Despite that, the prerequisite values of C i and V T are still required.

Linear Transfer (LT) I-V Method to Extract the Effective Mobility

The transfer characteristics are used more frequently to extract the mobility when compared with the output characteristics. According to Equation ( 6 

where s 1 is the slope of the linear fit. This method is based on the linear transfer data. The I-V measurements should be implemented at a V D value as small as possible, while the linear fitting should be carried out at a V G that is high enough for the charge approximation hypothesis. Unlike the previous method, however, V T is not required. Instead, V T is often valued using the same linear fitting in combination with μ eff ; see Figure 6a. Regardless of this, knowledge of C i remains a prerequisite.

The linear fitting essentially spans a wide range of data. If these data do not show good linearity, the mobility accuracy is strongly reliant on the fitting range (Figure 6b). [31] It is known that μ eff declines with increasing V G because of mobility attenuation (cf. Equation ( 8)).

The extraction of μ eff is performed at low V G , e.g., at a value around V T , in an attempt to obtain the highest mobility. [5,6,39] This is not appropriate when the charge approximation Q i = C i (V G -V T ), which is valid only at V G >> V T , is considered. In contrast, the high contact resistance plays the most important role at low V G . A rapid drop in its value, e.g., due to lowering of the Schottky barrier , can cause a sharp increase in I D , leading to artificially high mobility. [15] 

Linear Transfer (LT) I-V Method Combined with C-V to Extract the Effective Mobility

Introduction of the C-V data eliminates the constraints and the uncertainty associated with the charge approximation. The C-V measurements are implemented on metal-insulatorsemiconductor (MIS) capacitor structures with the same configuration as the OFETs to be characterized (including semiconductor and dielectric materials and processing conditions) or are implemented directly on the OFETs. The widely used metal-insulator-metal (MIM) capacitor structure, however, is not suitable for this purpose because it does not contain a semiconductor film and the measured results do not represent the OFET operational characteristics. For a more detailed discussion of the C-V measurements, please refer to the literature. [13,[START_REF] Schroder | Semiconductor material and device characterization[END_REF] Using the C-V data, Q i can be calculated by integrating C GC with respect to V G (cf. Equation (7) and Figure 2b) and then μ eff can be computed as

𝜇 𝑒𝑓𝑓 = 𝐿 𝑊 𝐼 𝐷𝑙𝑖𝑛 𝑄 𝑖 𝑉 𝐷 (19) 
Note that the I Dlin value here is from the linear transfer data (I Dlin , V G ), with V D being a minor constant. This is quite different from the extraction approaches applied when using the output data. Additionally, the C-V data (C GC , V G ) basically coincide with the OFET's linear transfer characteristics because the source and drain are tied together (in the OFET) or the back plate is grounded (in the MIS capacitor), meaning that the charge distribution in the channel is uniform. This direct and precise method for Q i acquisition avoids use of both C i and V T . The extracted μ eff is thus reliable. This has profound significance for the still relatively undeveloped OFETs because their parameters vary greatly from batch-to-batch and from device-to-device. In addition, Q i is measured over the entire range of V G . This means that Equation ( 19) is applicable not only for high V G but also for low V G values. The previous concerns about selection of the fitting range are also removed and the exact variation of μ eff versus V G can be plotted (similar to Figure 3).

Transfer I-V Method to Extract the Field-Effect Mobility

The field-effect mobility μ fe is deduced from the transconductance g m = ∂I D /∂V G and thus from the transfer characteristics.

When the transistor operates in the linear regime, μ fe is computed simply using

𝜇 𝑓𝑒 = 𝐿 𝑊 𝑔 𝑚 𝐶 𝑖 𝑉 𝐷 (20) 
where V D is a minor constant, as illustrated in Figure 3.

When the transistor operates in the saturation regime, I Dsat is independent of V D and Equation (20) is no longer applicable. g m then becomes

𝑔 𝑚 = 𝜕𝐼 𝐷 𝜕𝑉 𝐺 | 𝑉 𝐷 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑊 𝐿 𝜇 𝑓𝑒 * 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) (21) 
where μ fe * is the saturation field-effect mobility. If μ fe * is constant, g m then increases linearly with increasing V G . μ fe * can then be extracted via a linear fitting of g m with respect to V G :

𝜇 𝑓𝑒 * = 𝐿 𝑊 𝑆 2 𝐶 𝑖 (22) 
where s 2 is the slope of the linear fitting. Note the differences between μ fe and μ fe * shown above. The linear μ fe value can be a variable over the entire V G range, whereas the saturation value μ fe * is only supposed to be constant within the strong accumulation regime (at V G >> V T ); otherwise, its extraction is ambiguous.

In fact, the linear μ fe is recognized as the field-effect mobility. The saturation μ fe * , in contrast, is rarely used because it shows the same behavior as μ sat . However, the extraction process for μ sat is quite different from that proposed here and will be discussed below.

Y Function Method (YFM) for Extraction of the Low-Field Mobility

Based on the previous mobility definition, the low-field mobility μ 0 is superior to the other mobilities in terms of its inherence and reliability. The Y function method was proposed to extract μ 0 . [33] Using the linear transfer data, g m = ∂I D /∂V G can first be calculated and then the Y function can be computed (see Figure 7):

𝑌 = 𝐼 𝐷𝑙𝑖𝑛 √𝑔 𝑚 = √ 𝑊 𝐿 𝜇 0 𝐶 𝑖 𝑉 𝐷 (𝑉 𝐺 -𝑉 𝑇 ) (23) 
where Equations ( 8), ( 10) and ( 11) are involved. When a constant μ 0 is assumed, the Y function should vary linearly with V G . Therefore, μ 0 is attained by performing the following linear fitting:

𝜇 0 = 𝐿 𝑊 𝑆 3 2 𝐶 𝑖 𝑉 𝐷 ( 24 
)
where s 3 is the slope of the linear fitting.

Another noteworthy feature is that the mobility attenuation factor θ disappears in the Y function, although θ is included at the beginning of the deduction. Therefore, the μ 0 value extracted here is free from those extrinsic influences and, most importantly, free from the effects of the contact resistance. [START_REF] Xu | [END_REF]42] This inherently reliable μ 0 can be extracted directly. c) and (d) depict their calculated Y functions, which are highly linear, even when measured for the short-channel OFET at the ultra-low temperature of 15 K. [42] Copyright 2011, AIP. show the saturation transfer curve and the square root of the drain current that is fitted to extract the mobility. Note that the linearity of the results is poor in the short-channel device, particularly at low temperatures. [42] Copyright 2011, AIP.

Saturation Transfer (ST) I-V Method to Extract the Saturation Mobility

When a transistor operates in the saturation regime, its drain current I Dsat typically shows parabolic growth with increasing V G . For extraction of the mobility, it is common to calculate the square root of I Dsat :

√𝐼 𝐷𝑠𝑎𝑡 = √ 𝑊 2𝐿 𝜇 𝑠𝑎𝑡 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) (25) 
The resulting I Dsat 0.5 increases linearly with increasing V G and the saturation mobility μ sat is then extracted by linear fitting (see Figure 8):

𝜇 𝑠𝑎𝑡 = 2𝐿 𝑊 𝑆 4 2 𝐶 𝑖 (26)
where s 4 is the slope of the linear fitting.

This method has been the most widely adopted to date in the organic electronics field as a consequence of its many trade-offs. For example, the saturation I Dsat is much higher than the linear I Dlin , thus reducing the effects of the gate leakage. In some extreme cases, the leakage current I G can be even higher than I Dlin . The measured net I D (= I Dlin -I G ) does not increase but tends to decrease with increasing V G , resulting in an erroneous mobility being obtained. The saturation regime is thus the only option. Additionally, the relatively high V D weakens the mobility attenuation of the contact resistance. A small value of V D = -1 V for the linear regime may dissipate by a substantial proportion at the contacts (e.g., -0.7 V), while the higher V D = -70 V for the saturation regime only loses a small percentage of its value. The underestimation of the relevant mobility can be alleviated. Therefore, this saturation-regime method is preferred because it offers feasible extraction and higher mobility.

Figure 9. Extraction of the contact resistance and the mobility by the transmission-line method (TLM). (a) TLM plots for various gate voltages, where the contact resistance is determined from the y-axis intercept and the effective mobility is estimated from the slope of the linear regression plot. (b) Extracted results (where μ tfsc is the effective mobility for a FET). [43] Copyright 2016, Macmillan.

Transmission-Line Method (TLM) for Extraction of the Effective Mobility

The transmission-line method (TLM) is known for its use in extraction of the contact resistance. [44,45] However, the TLM can also offer the effective mobility μ eff , as illustrated in Figure 9. [43] The channel resistance of a transistor operating in the linear regime can be written as

𝑅 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑉 𝐷 𝐼 𝐷𝑙𝑖𝑛 = 𝐿 𝑊𝜇 𝑒𝑓𝑓 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) (27) 
When the contact resistance R C is taken into account, the total resistance

R total = R channel + R C , i.e., 𝑅 𝑡𝑜𝑡𝑎𝑙 = 𝐿 𝑊𝜇 𝑒𝑓𝑓 𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) + 𝑅 𝐶 (28) 
After measurement of a set of transistors with a diverse range of channel lengths, R total versus L can be plotted and R C can be extracted from the y-axis intercept. Furthermore, the slope of the linear regression indicates μ eff , which is given by

𝜇 𝑒𝑓𝑓 = 𝑠 5 𝑊𝐶 𝑖 (𝑉 𝐺 -𝑉 𝑇 ) (29) 
where s 5 is the slope of the linear regression for a given value of V G . When V G is varied, the gate-voltage dependence of μ eff can also be acquired.

In practice, each linear regression is based on a set of R total values deduced from the transfer data at a common V G . The linearity may deteriorate if V T varies greatly from device to device. The incorporation of V T is essential to improve the linearity and in turn to enhance the reliability of the mobility. [46] 

Gated Four-Point Probe (gFPP) Method to Extract the Effective Mobility

Similar to the TLM, the gFPP method provides μ eff without the contact effect, in addition to its more common use for contact resistance evaluation. However, when compared with the TLM, which only requires conventional FETs, the gFPP necessitates the fabrication of two extra probes between the source and the drain that are separated by a distance D, as shown in Figure 10. Along with their measurement of the linear transfer characteristics, the two probes can detect the potential drop ∆V, which allows μ eff to be extracted using characteristics extracted from the linear (left) and saturation (right) regimes. [5] Copyright 2015, Wiley.

𝜇 𝑒𝑓𝑓 = 𝐷 𝑊𝐶 𝑖 ∆𝑉 𝑑𝐼 𝐷𝑙𝑖𝑛 𝑑𝑉 𝐺 (30) 
Uemura et al. investigated C 10 -DNTT OFETs using the gFPP method (Figure 10a). [5] They found that devices without annealing suffered from high contact resistance (Figure 10c), which caused large variations in the transconductance. The conventional transfer I-V methods always overestimated the mobility (Figure 10b, middle panel). After annealing, the contact resistance was reduced but the device characteristics were retained and this provided a much more reliable mobility (Figure 10b, right panel). The overestimation was greater in the longerchannel devices measured in the saturation regime (Figure 10d), with a maximum of 30 cm 2 V -1 s -1 (even reaching up to 100 cm 2 V -1 s -1 ), while the intrinsic mobility was only approximately 7 cm 2 V -1 s -1 . Interestingly, the mobility extracted using the gFPP method was found to be independent of such effects (Figure 10b, left panel) and was sufficiently reliable for characterization of new materials and technologies.

While it allows the intrinsic, contact-free μ eff to be extracted, this method has several limitations. First, the additional probes increase the device fabrication complexity. Second, these probes may not collect the exact potential drop in the channel because they can disturb the potential distribution if they are not of a negligible size and their contact with the semiconductor is not ohmic. In addition, they may not be located directly in the channel; e.g., in top-gate, bottom-contact devices, the channel is located close to the top surface of the semiconductor film but these extra probes are placed at the bottom of the semiconductor film. The error can be amplified as the OSC film thickness increases. The applicable device configurations are thus restricted by these problems.

Hall Effect Method for Extraction of the Hall Mobility

The Hall mobility is basically measured from specimens such as a Hall bar and a van der Pauw sample. If the measurement equipment includes a four-point probe, the Hall mobility μ H can be also measured from a FET, as studied by Podzorov et al. (see Figure 11), using [37] 𝜇 𝐻 = Similar to the gFPP method, Hall effect measurements are not readily accessible either. These measurements require additional fabrication for two extra probes and a strong magnetic field is required to enhance the Hall voltage because the OSC mobility is usually very low. Hall effect measurements on organic devices often suffer from high noise and the Hall mobility may not be always accessible. Mobilities extracted via the conventional method (two-probe FET), the gFPP method (four-probe FET) and the Hall effect. Because of the near-ideal device characteristics, these mobilities are very close, which means that mobility extraction reliability can even be high for the conventional method. [4] Copyright 2018, Macmillan.

At the end of this section, it must be emphasized that linear fitting and differentiation are sometimes interchangeable in these procedures. μ eff can be extracted via linear fitting of I Dlin over a wide range of high V G values (see Figure 3 and Equation 18), yet it is also possible to differentiate I Dlin with respect to V G in the strong accumulation regime to plot μ eff , as illustrated in Figure 3. In short, linear fitting assumes constant mobility, which means that a wide bias range for mobility extraction is feasible. Otherwise, the fitting range is ambiguous and the extracted mobility may then be unreliable. The differentiation procedure that is obligatory for calculation of the output conductance and the transconductance assumes variable mobility from the beginning, which means that the bias dependences are yielded directly. However, it remains essential to take the criteria for selection of the raw data for each method into account, as summarized in Table 1. Additionally, linear fitting remains prevalent at present because of its ease of use when reporting on mobility. As a result, Choi et al. recently proposed the factor γ to gauge the reliability of mobility extraction when using linear fitting. [4] 

Device Fabrication Considerations

To extract the mobility with high precision, many factors must be taken into consideration during device fabrication. This section addresses a few of these factors that are becoming serious concerns in this field.

Gate Leakage Control

The on-state current of a transistor is a manifestation of charge drift (perhaps with a minor diffusion contribution). In the presence of gate leakage, some of the charges deviate from the channel under attraction by the gate field and flow out through the gate dielectric; see Figure 12a. The net output current to be measured is lower than it should be. Mobility underestimation is then inevitable and higher leakage leads to increasingly serious mobility underestimation. In some extreme cases, the leakage is so high that the leaked charges grow more rapidly than the charges injected from the source. [47] The drain current is turned to decrease with increasing gate voltage, which makes mobility extraction impossible (Figure 12b). This explains why extraction of the mobility in the saturation regime has been so popular, because it partially circumvents this leakage problem. (c) Observation of gate leakage in the transfer curves by direct measurement of the leakage current. [15] Copyright 2017, Wiley. (d) Indirect observation of gate leakage using the output characteristics. In the case of more significant leakage, the drain current consistently shifts downward as the gate voltage increases.

Gate leakage can be observed directly when measuring the transfer curve, as illustrated in Figure 12c. It is also possible to observe the gate leakage indirectly using the output characteristics. Figure 12d shows that if the output curves pass through the origin, the leakage is insignificant. Otherwise, the output curves shift downward at V D = 0 V, which is indicative of significant leakage because a zero V D should impose a zero I D , but the gate leakage is mainly dependent on V G . Thus, as V G increases, a more negative (or opposite) I D is observed at V D = 0 V and this is entirely due to the gate leakage.

Suppression of the gate leakage can be achieved using robust dielectrics with superior dielectric performance, thicker films, and even multilayer structures. [48] In addition, patterning of the OSC film is indispensable. This is particularly important for solution-processed OFETs with bottom-gate architectures, e.g., Si/SiO 2 structures where the Si and SiO 2 layers serve as the common gate and the common gate dielectric, respectively. Application of a sufficiently high V G turns the entire OSC film into an active area. However, if the OSC film is not well isolated from the back Si gate (e.g., at the substrate edge), the leakage problem will be severe. Patterning of the OSC film cuts off the electrical connection between the gate and the active area and the current flow is confined within a small region; see Figure 13. OSC film that is inappropriately patterned because finger currents (red zone) still exist outside the overlapped channel (blue area). (c) When the OSC film has been patterned to be entirely within the overlapped region, the finger current is suppressed and the channel dimensions can be defined explicitly.

Calibration of the Channel Dimensions

Calibrated channel dimensions are a primary requirement for mobility extraction. While the technological dimensions can be precisely measured via microscopy, the real, effective channel width and length may still differ. As illustrated in Figure 13b, finger currents exist outside the overlapped interdigital electrodes if the OSC film is not patterned appropriately. Because the overlapping area defines the nominal channel, the parasitic finger currents alter the effective channel width and length, e.g., doubling the channel width, which leads to double overestimation of the mobility. This issue will worsen as the device becomes increasingly miniaturized. Patterning of the OSC film and/or reduction of the gate coverage area to limit the current flow such that it occurs precisely within the region with explicit channel definition is the only way to eliminate the finger currents, as shown in Figure 13c.

Consideration of the Channel Length

To date, there is still no consensus with regard to the channel length required to guarantee reliable mobility extraction. In general, it is better to use long-channel devices for the following reasons.

First, in bottom-contact OFETs, the presence of the contact electrodes disrupts the molecular self-organization during OSC film deposition, producing high-density defects in the vicinity of the contact, which sometimes appear as small-sized grains, in contrast to the large-sized grains present in the central channel. This defect-rich zone is rather wide (up to tens of micrometers) [START_REF] Xu | [END_REF] and can extend further into the channel as the contact thickness increases and/or the pristine grain size grows. [49] The overall charge transport may then be dominated completely by the charge trapping and hopping at the contacts and this was observed in highly crystalline 6,13-bis(triisopropylsilyl-ethynyl) pentacene (TIPS-pentacene) OFETs, where the mobility rose constantly with increasing L, whereas the correlated activation energy declined with increasing L. [42] After L exceeded 100 μm, the activation energy appeared to saturate, which implied that such long-channel OFETs were almost immune to contact effects and were thus reliable choices for mobility evaluation and charge transport analysis. [42] Second, the leakage current between the source and drain electrodes becomes noticeable as L continues to shrink [50,51] because of the absence of doping and the accumulation-regime operation of the device. [52] This parasitic leakage increases the off-state current, particularly in the saturation regime and can be regarded as a type of short-channel characteristic. If L is not long enough to suppress this leakage, then the on-state current can be also affected. Consequently, the mobility can be overestimated under these conditions.

Third, the velocity saturation is serious in very short-channel devices. When this saturation occurs, the carrier velocity no longer grows with the lateral field induced by V D . Much earlier current saturation (theoretically at V D = (V G -V T )) can be observed in the output characteristics. [36] This implies that the measured I D is lower than it should be and thus the mobility is underestimated in this case. This issue mainly affects the saturation regime. The linear regime, upon application of a minor V D , is largely safe in this respect.

Basic Optimization

Because the FET mobility involves numerous extrinsic effects, basic device optimization is required to preclude any significant effects on the device charge transport. Refined molecular design and/or polymer-small molecule blending enhance the charge transport capability of the FET and minimize the energetic disorder; [1,7,53,54] suitable deposition techniques such as barcoating and off-center spin-coating improve the molecular arrangement and thus reduce the structural defects; [55][56][57] appropriate surface treatments such as use of a self-assembled monolayer (SAM) reduce the surface roughness scattering and the trap density; [58,59] use of low-κ dielectric materials weakens the energetic disorder imposed by the incorporated dipoles; [60][61][62][63] appropriate contact engineering to reduce the Schottky barrier and/or to fabricate nonrectifying contacts will also minimize the contact effects. [11,64,65] After these steps, the device will demonstrate near-ideal FET characteristics that will allow reliable mobility extraction to be performed.

Calibration of the Specific Capacitance of the Gate Dielectric

Examination of Table 1 indicates that C i is a prerequisite for all mobility extraction methods, except for the approach that combined C-V and Hall effect measurements. C i determines the charge density in the channel, meaning that if it is underestimated, the mobility will then be proportionally overestimated. In theory, C i is defined as

𝐶 𝑖 = 𝜀 0 𝜀 𝑠 𝑡 𝑖 , ( 32 
)
where ε 0 is the vacuum permittivity, ε S is the relative permittivity of the gate dielectric, and t i is the dielectric film thickness. C i can be calculated using the nominal dielectric constant and thickness, but their values in practice may differ greatly. To provide the mobility precisely, it is better for C i to be measured experimentally. Recently, Xu et al. discussed two approaches using MIS and OFET structures to measure C i , i.e., using C-V methods (Figure 14). [13] MIS capacitors can be fabricated with identical configurations to that of the OFET to be characterized (including the dielectric and semiconductor materials and the processing conditions) to reflect the OFET C-V characteristics consistently. The advantage of the MIS structure over the OFET is that the MIS capacitor can be prepared at a much larger size to allow the device signal-to-noise ratio to be improved. In addition, the MIS structure is less sensitive to the AC signal frequency, particularly when the OSC mobility is low. However, the OFET is readily accessible without extra device fabrication requirements.

In the same work by Xu et al., the frequency effect was also investigated. When compared with conventional Si MOSFETs that use high-frequency signals of up to 1 MHz, OFETs require signals at much lower frequencies because of the low mobility in the OSC. At very high frequencies, the charge carriers may not be able to follow the AC signal to allow them to be redistributed over the (active) OSC film because the measured capacitance is normalized with respect to the overlapped plate area or the channel area, thus leading to an underestimated C i . Strictly speaking, the C-V measurements in this case must be performed under either static or quasi-static conditions because the I-V data that are characterized by the parameter analyzer are basically static and the C-V data should therefore also be similarly static. In practice, use of several low frequencies, e.g., 20 Hz, 50 Hz, 100 Hz, may be attempted or capacitancefrequency (C-f) measurements may be implemented under application of a sufficiently high bias to confirm that the frequency dependence is not involved (see Figure 14). Otherwise, use of quasi-static C-V measurements or similar static techniques is obligatory. [6,31] Unfortunately, the mobility overestimation caused by this type of C i underestimation has lasted for years. In some extreme cases, the level of overestimation can exceed orders of magnitude. Measures must be implemented to control this problem.

In addition to C i determination, the measured C-V data can also be used to calculate Q i (see Equation ( 7) and Figure 2). Using this precise Q i , it is possible to extract the effective mobility directly over the entire gate voltage range without the need to calibrate C i (Equation ( 19)). e) and (f) illustrate a channel length scaling procedure used to improve the accuracy of extraction of C i . [13] Copyright 2018, Wiley.

Calibration of the Threshold Voltage

After C i , knowledge of the threshold voltage V T is the second prerequisite for mobility extraction (see Table 1). Incorporation of V T is essential for the mobility reliability factor γ proposed by Choi et al. The reliability is solely dependent on the data linearity and should not be affected by V T . The inclusion of V T eliminates its side effects and thus the revised γ can serve as a fair indicator of the reliability of the mobility. [4,13] Figure 15. Illustration of the mobility and threshold voltage extraction processes using the gated van der Pauw (gVDP) method. (a) and (b) illustrate the device structure and measurement setup. (c) depicts the potential map and shows the current density within the semiconductor film. (d) shows the measured conductivity vs. gate voltage characteristics for devices with different contact materials. [43] Copyright 2017, Macmillan.

The V T in OFETs is complicated by the different operating principles of these devices and the presence of extrinsic effects (e.g., charge trapping). [28,52] Precise measurement of the V T is difficult for OFETs. Nevertheless, it is believed that good linearity indicates the validity of the applied model. Xu et al. found that the Y function consistently demonstrated great linearity in the face of a number of extrinsic effects, indicating its versatility for V T extraction. [13] Additionally, accurate V T values can be determined using advanced techniques such as C-V [32] and transconductance derivative methods. [START_REF] Schroder | Semiconductor material and device characterization[END_REF]66] Recently, Rolin et al. developed the gated van der Pauw (gVDP) method to extract an OSC mobility that was free from contact effects (see Figure 15). [43] Interestingly, this method delivered a precise V T regardless of the contact metals used, which is actually quite significant for mobility extraction.

Contact Effects

The contact resistance R C has long been the most important factor affecting mobility extraction. In OFETs, R C comprises two components: the interface resistance R interface and the bulk resistance R bulk . The former component originates from charge injection at the metalsemiconductor interface and is mainly governed by the Schottky barrier (see Figure 16a). [64] The latter component arises from the access transport through the OSC bulk with relatively low charge concentrations and perhaps with an inferior charge transport profile (e.g., caused by contact defects). [67][68][69] Together, these resistances alter the device characteristics, making mobility extraction unreliable or even impossible. Schottky barrier measured at various drain voltages and gate voltages. [15] Copyright 2017, Wiley. (d) Linear transfer curves of a set of IDT-BT OFETs using various contact metals. (e) Comparison of the contact resistance and the channel resistance in an OFET with Ni contacts. (f) Summary of the mobilities extracted using the different methods. Only the low-field mobility extracted via the Y function method is almost independent of the contact metal used. [70] Copyright 2019, IEEE.

Xu et al. investigated indacenodithiophene-co-benzothiadiazole (IDT-BT) OFETs and found that the Schottky barrier in these devices ranged up to 0.64 eV, although this value de-clined rapidly to 0.24 eV upon sweeping of V G from 0 V to -20 V (Figure 16b and16c). [15] The resulting R interface value can drop by a tremendous factor of 5.4×10 6 (that may even be amplified to 1.2×10 10 at the low temperature of 200 K), which is much greater than the decline in the channel resistance (~10 4 ). This result implies that the apparent reduction in the total resistance (i.e., the increase in the drain current) is dominated by the very high and rapidly decreasing R interface . While this contact feature does not represent the real channel behavior, its rapid change means that it cannot be used to characterize the mobility. In fact, several other reports have pointed out the serious mobility overestimation that can be caused in this way. [5,6] Unlike R interface , which mainly affects the low V G -regime, R bulk can play a major role at higher V G values. This is because the channel resistance undergoes a fast decline during channel formation, whereas R C cannot. [68] The total resistance is dominated by R C and the apparent mobility is then limited. This issue is particularly significant for short-channel OFETs measured in the linear regime. To remedy this effect, the measured I D can be corrected using a preknown R C (evaluated via the Y function method or the TLM). [START_REF] Xu | [END_REF] 𝐼 𝐷𝑐𝑜𝑟 =

𝐼 𝐷 1-( 𝐼 𝐷 𝑉 𝐷 )𝑅 𝐶 (33) 
where I Dcor is the R C -corrected drain current. This contact-resistance-free I Dcor permits reliable mobility extraction, even when using conventional methods.

In practical situations, R C is unknown before the measurements. More advanced techniques are desired to measure the mobility without the contact effect. The YFM, the TLM, the gFPP method and the Hall effect method are all suitable methods; among these methods, the YFM is the easiest to use. The YFM requires only a single, normal OFET and the measurement of a linear transfer curve. The intrinsic, contact-free low-field mobility can then be extracted directly. As shown in Figure 16d, e and f, Huang et al. found that their IDT-BT OFETs with Ni contacts suffered from high contact resistance but the YFM was still able to measure the mobility reliably. [70] Despite these results, basic contact optimization is required anyway to reduce both the Schottky barrier and the contact charge trapping. [45] Here, it is interesting to note that the sharp turning on/off caused by the largely varied Schottky barrier is appealing for making high-gain, ultra-low power devices and circuits, as demonstrated by Nathan's group at Cambridge. [71,72] 

Bias Dependences

Mobility extraction using linear fitting assumes a constant mobility, at least within the fitting range. However, in most cases, this assumption may not be satisfied. The mobility can vary significantly with the application of external biases.

Gate-Voltage Dependence

For a bulk OSC with uniform charge concentration n, the mobility can be regarded as being constant. As n increases (e.g., upon doping), the effective mobility μ eff varies depending on the density of states (DOS) profile of the OSC; see Figure 17a. When the DOS is full of delocalized states, μ eff is high and declines with increasing n, which is indicative of degeneracy (Figure 17b). The charge transport is band-like. For a DOS that includes localized states (mostly presented as tail states), μ eff is low and is positively dependent on n. The charge transport mainly occurs by hopping at low n and the delocalization then improves at higher n. If the energetic disorder rises, the weight of hopping is also augmented. As a result, μ eff is further reduced and becomes more positively n-dependent. [42] In a FET, V G causes more charges to be distributed near the dielectric-semiconductor interface. The charge concentration n within the OSC film decays exponentially from the interface toward the bulk and can be averaged over the entire thickness to be equivalent to the charge density per unit area (Figure 17c). The μ eff that was discussed above certainly varies among the different thicknesses and was finally averaged by solving Poisson's equation to determine an apparent μ eff . This apparent μ eff is the effective mobility that is often measured from OFETs. As V G increases, the n distribution in the OSC film evolves from a more uniform distribution in the weak accumulation regime to a superficial distribution in the strong accumulation regime. The dependence of μ eff on V G is actually quite complex [73] but it can still be investigated via calculations. As shown in Figure 17d, Xu et al. observed that fully band-like transport (where α = 1) gives a high μ eff that constantly decreases with increasing V G . [74] In contrast, hopping in the localized states (for lower α) with greater energetic disorder (higher ∆E) causes μ eff to degrade by more than two orders of magnitude, while μ eff changes into a V G -enhanced quantity. Increased hopping and disorder lead to a lower μ eff and greater V G -enhancement also occurs. In fact, this strong V G -enhancement is unwanted for mobility extraction because it causes the data to become superlinear, as observed in the OFETs with high-density defects. [31,42] When the surface roughness scattering, the contact resistance, and other factors are taken into account, the V G -dependence can become more complex. In general, a higher V G value attracts the charges towards the interface, thus raising these surface effects. In addition, the contact resistance may begin to dominate the overall resistance. The relevant μ eff is also degraded by the higher V G . This negative V G -dependence counterbalances the positive dependence discussed above. The apparent outcome is dependent on the relative impacts of these dependences. Note that the contact resistance, and particularly the interface resistance caused by the high Schottky barrier, can notably increase the V G -enhancement (Figure 16c); however, such increases mainly occur at small values of V G . [42] Copyright 2011, AIP. (c) Simulated potential profile in an OFET with a 50 nm pentacene film. When a sufficiently high gate voltage is applied, the potential shifts greatly on the left surface, thus indicating charge accumulation at that surface. (d) Calculated mobility for this OFET vs. gate voltage and temperature. [74] Copyright 2011, AIP.

Because the V G -dependence is very complex and difficult to predict, it is better to perform the mobility extraction by differentiation. If linear fitting is mandatory, then selection of an appropriate method is vital. Examination of Table 1 shows that only the Y function method would be suitable for this purpose. The mobility attenuation factor θ actually lumps all the V Gdependences together at the beginning, while θ is ultimately eliminated. The slope of the Y function is highly linear, indicating a constant μ 0 that is independent of V G . Therefore, the extraction of μ 0 using linear fitting over a wide V G range is feasible. [13] 

Drain-Voltage Dependence

The drain voltage V D plays a relatively less important role in altering the mobility when compared with V G . As V D increases, the charge distribution in the channel no longer remains uniform. After the channel is pinched off at the drain, the charge carriers located there must pass through a depletion region with a transport profile that would be inferior to that of the channel. The mobility can then decrease with increasing V D , which would manifest as a declining saturation current in the output characteristics. [75] In contrast, the lateral field induced by V D helps to lower the Schottky barrier (see Figure 16c). The mobility can be increased by V D , which would be exhibited as V D -enhancement. [76] This explains in part why mobility extraction in the linear regime is not preferred because the mobility obtained would be relatively low. [76] Copyright 2015, ACS. (d) Output characteristics of a TIPS-pentacene OFET measured at various temperatures. (e) Square root of the saturation current plotted vs. gate voltage for mobility extraction. The curve clearly shifts downward upon cooling, while the linearity also worsens. (f) Saturation mobility vs. temperature at various drain voltages. [77] Copyright 2010, Macmillan.

With regard to mobility extraction, the V D -dependency can be observed by considering the output conductance characteristics; see Figure 5. However, this dependence is limited to the linear regime (i.e., at small V D ). When a very high V D is applied, several issues may arise. i) Ambipolar conduction can be triggered if the charge injection barriers to the holes and electrons are not high enough to block one of these carriers. The two types of charge carriers would combine to contribute to the drain current and the mobility would inevitably be overestimated. More importantly, it is difficult to discriminate how much the two carrier types contribute separately. As V G increases, the charge transport first occurs in an ambipolar regime and eventually enters the unipolar regime (see Figure 1d, right panel). A mobility peak often appears between these regimes. This means that only the last data measured at the highest V G are reliable in terms of avoidance of ambipolar effects. [14] ii) A strong lateral field changes the potential landscape for the charge transport by lowering the hopping barrier. [15] The mobility value is thus improved and the relevant activation energy is reduced. In some cases, this effect is so significant that the hopping barrier seems to vanish and band-like charge transport is then observed (Figure 18). [76,77] While these high mobility, low activation energy, and band-like transport characteristics may be appealing, they may not represent the intrinsic characteristics of the OSCs and OFETs to be characterized.

iii) When the lateral field becomes comparable to the vertical gate field, the off-state current may be greatly increased. [50] This changes the device characteristics (e.g., the threshold voltage) and thus affects mobility extraction. iv) A strong lateral field may also cause velocity saturation, particularly for very shortchannel devices, that would lead to underestimation of the mobility. v) A high V D also imposes a strong I D , which means that the current density is high. This imposes another problem in that the Joule heating can become severe in some volumes, e.g., in the OSC bulk at the contacts. [67] Because the OSC's thermal conductivity is generally very low, the heated OSC may experience high-temperature localized annealing and may even be burned if the high-power-density measurements continue. The electrical properties of the OSC may be substantially degraded, causing nonideal device characteristics and leading in turn to unreliable mobility extraction. This is why pioneering researchers recently suggested a thermal budget control approach based on estimation of the maximum current density and the maximum power density while also quoting the measurement timescale. [4] Overall, it is better to extract the mobility in the linear regime.

Temperature Dependence

In addition to the mobility value, the temperature dependence of the mobility is also important because it has typically been used to probe the charge transport. [7,15,78,79] For example, the positive temperature dependence (i.e., the thermal activation) is regarded as an indicator of hopping conduction. The relevant activation energy characterizes the averaged hopping barrier. [15,78,80] In contrast, the negative temperature dependence is believed to be a characteristic of band-like charge transport. [77,81,82] Unreliable mobility extraction can lead to large deviations in the temperature dependence characteristics. [83] Figure 19. Temperature dependence of the mobility. (a) and (b) show the mobilities that were extracted from short-channel and long-channel TIPS-pentacene OFETs, respectively. The figures show that the low-field mobility extracted via the Y function method and the effective mobility extracted via the output conductance are very close, while the saturation mobility always deviates. (c) Arrhenius plots for OFETs with various channel lengths. (d) Activation energy vs. channel length characteristics. [42] Copyright 2011, AIP.

Xu et al. inspected three different mobilities in polycrystalline TIPS-pentacene OFETs (Figure 19) and found that the commonly used saturation mobility μ sat always deviated from both μ eff and μ 0 , whereas the latter two remained very close. [42] The deviations were reflected in terms of the mobility value and the temperature dependence. Note that μ sat shows a negative temperature dependence at high T, whereas the other two mobilities do not. This implies that μ sat may mistakenly point toward band-like transport within a small temperature range. Comparison of the short-L and long-L OFETs reveals that contact effects make μ sat artificially higher than both μ eff and μ 0 . [5] Therefore, the consistent μ eff and μ 0 values are more reliable as compared with μ sat . Nevertheless, the temperature dependences of μ 0 (and μ eff ) still differ between the short-L and long-L OFETs. Beyond T > 100 K, the μ 0 of the short-L OFET consistently shows thermal activation while its long-L counterpart tends to saturate at room temperature. Examination of OFETs with various L values showed that the activation energy falls monotonically with increasing L, which is indicative of a diminishing contact effect. Interestingly, the contact conductance shows a very similar temperature dependence to that of μ 0 in the short-L OFET. Overall, these results showed that the charge transport in short-L OFETs is dominated by the contact transport, which mostly involves hopping. The mobilities extracted from the affected OFETs, particularly μ sat , may lead to misinterpretation of the charge transport and thus mislead the subsequent research. This is one of the reasons why long-L OFETs are more reliable for mobility extraction and charge transport analysis applications.

Conclusion

In conclusion, a review of the carrier mobility extraction for organic transistors has been presented. Unlike the recent literature, this article has focused on a precise extraction approach that is mainly based on the device current-voltage characteristics. The review began by defining the various mobilities and then moved on to the relevant extraction methods to ensure clear understanding of their origins, their physical meanings, and the limitations on data selection. After that, device fabrication and the prerequisite calibration processes were addressed, including leakage control, channel dimension calibration, channel length selection, and calibration of the specific gate-dielectric capacitance and the threshold voltage, which have both been overlooked to date. Finally, the gate-voltage and drain-voltage dependences were examined along with the temperature dependence. While the TLM, the gFPP method and the Hall effect methods could provide reliable mobility, they either require additional device fabrication steps or necessitate the use of special instruments and thus are not readily accessible in typical fabrication facilities. The mostly widely used mobility, the saturation mobility, unfortunately may not be sufficiently accurate to evaluate the mobility value or to probe the charge transport. The low-field mobility that was extracted via the Y function method, however, demonstrated obvious advantages in terms of its reliability and robustness. For more precise mobility extraction, complementary C-V measurements that give the specific gate-dielectric capacitance accurately are also still necessary. Notes: 1) Here, "<" indicates that the data are usable as long as they are below the boundary, while "<<" indicates that the data should be selected far away from the boundary or should be as small as possible. Similar characteristics can be implied for ">" and ">>". 2) Only the specific gate-dielectric capacitance and the threshold voltage are listed. However, the channel width and length are also prerequisites for mobility extraction and should thus also be determined precisely. Data selection 
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 4 Figure 4. Illustration of Hall effect measurement on a transistor with a p-type semiconductor.
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 5 Figure 5. Extraction of effective mobility using the output conductance. Short-channel (left) and long-channel (right) 6,13-bis(triisopropylsilyl-ethynyl) pentacene (TIPS-pentacene) OFETs are measured at various temperatures. (a) and (b) illustrate their output characteristics at V G = -50 V. The insets show the enlarged linear region in each case, where the short-channel device suffers from nonlinearity at low temperatures that is indicative of significant contact effects. (c) and (d) depict the deduced output conductance characteristics. (e) and (f) show the calculated effective mobility characteristics.Comparison shows that the room-temperature mobility in the longchannel device remains nearly constant with increasing drain voltage.[42] Copyright 2011, AIP.

  ), I Dlin shows linear variation with V G , which means that μ eff can be extracted via a linear fitting of I Dlin versus V G , as shown in Fig-
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 6 Figure 6. Illustration of the process of extraction of the effective mobility using the linear transfer data. (a) shows that the slope of the linear fitting gives the mobility, while the intercept at the x-axis gives the threshold voltage. (b) illustrates extractions with poor linearity. The different fittings produce very dissimilar mobilities and threshold voltages.

Figure 7 .

 7 Figure 7. Extraction of low-field mobility using the Y function method. The two devices are those shown in Figure 5. (a) and (b) show the linear transfer curves and calculated transconductance characteristics for the shortchannel and long-channel TIPS-pentacene OFETs, respectively. (c) and (d) depict their calculated Y functions, which are highly linear, even when measured for the short-channel OFET at the ultra-low temperature of 15 K.[42] Copyright 2011, AIP.
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 8 Figure 8. Extraction of the saturation mobility. The two devices used are those illustrated in Figure 5. (a) and (b)show the saturation transfer curve and the square root of the drain current that is fitted to extract the mobility. Note that the linearity of the results is poor in the short-channel device, particularly at low temperatures.[42] Copyright 2011, AIP.
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 10 Figure 10. Extraction of the effective mobility using the gFPP method. (a) Optical microscopic image of a 2,9didecyl-dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]-thiophene (C 10 -DNTT) OFET with two additional probes fabricated between the source and drain electrodes. (b) Left: Mobility as measured using the gFPP method. Middle and Right: illustrations of the mobilities extracted by different methods from the nonannealed and annealed devices, respectively.Note that the mobilities coincide after annealing and approach the mobility characteristics extracted by the gFPP method even before annealing, as shown in the left panel, thus indicating that the gFPP method provides mobility values that are free from the contact effect. (c) Contact resistance vs. gate voltage. (d) Mobility characteristics extracted from the linear (left) and saturation (right) regimes.[5] Copyright 2015, Wiley.

  where V is the voltage applied across the two extra contacts between the source and the drain, and L* is the distance between these two extra contacts.

Fig. 11

 11 Fig. 11 Illustration of mobility extraction via Hall effect measurements. (a) Linear transfer curves from a singlecrystal rubrene OFET (inset) with extra probes that are used to measure the potential difference and the Hall voltage. (b)Mobilities extracted via the conventional method (two-probe FET), the gFPP method (four-probe FET) and the Hall effect. Because of the near-ideal device characteristics, these mobilities are very close, which means that mobility extraction reliability can even be high for the conventional method.[4] Copyright 2018, Macmillan.

Figure 12 .

 12 Figure 12. Gate leakage. (a) Illustration of the leakage mechanisms in a FET. The net drain current can be reduced as a result of charge losses caused by the gate leakage. (b) Illustration of gate leakage in the transfer curves. Significant leakage can notably reduce the current growth rate, thus causing mobility underestimation.(c) Observation of gate leakage in the transfer curves by direct measurement of the leakage current.[15] Copyright 2017, Wiley. (d) Indirect observation of gate leakage using the output characteristics. In the case of more significant leakage, the drain current consistently shifts downward as the gate voltage increases.

Figure 13 .

 13 Figure13. Illustration of OSC patterning to suppress gate leakage and finger currents. (a) A nonpatterned OSC film is turned into an active area (red zone) under application of a sufficiently high gate voltage. The leakage current can then pass through the conductive OSC film and flow toward the gate via the substrate edge. (b) An OSC film that is inappropriately patterned because finger currents (red zone) still exist outside the overlapped channel (blue area). (c) When the OSC film has been patterned to be entirely within the overlapped region, the finger current is suppressed and the channel dimensions can be defined explicitly.

Figure 14 .

 14 Figure 14. Illustration of the C-V measurement processes. (a) and (b) show the device structures of the MIS device and the OFET, respectively, where the measurement setup and the charge accumulation processes are depicted. (c) and (d) show typical C-V results measured at various frequencies for the MIS device and the OFET, respectively.(e) and (f) illustrate a channel length scaling procedure used to improve the accuracy of extraction of C i .[13] Copyright 2018, Wiley.

Figure 16 .

 16 Figure 16. Contact effects in OFETs. (a) Typical device structure of state-of-the-art polymer transistor, in which the contact resistance stems from interface charge injection and the access transport through the OSC bulk. (b) Measurement of the Schottky barrier of an indacenodithiophene-co-benzothiadiazole (IDT-BT) OFET. (c)Schottky barrier measured at various drain voltages and gate voltages.[15] Copyright 2017, Wiley. (d) Linear transfer curves of a set of IDT-BT OFETs using various contact metals. (e) Comparison of the contact resistance and the channel resistance in an OFET with Ni contacts. (f) Summary of the mobilities extracted using the different methods. Only the low-field mobility extracted via the Y function method is almost independent of the contact metal used.[70] Copyright 2019, IEEE.

Figure 17 .

 17 Figure 17. Gate-voltage dependence of the mobility. (a) Three different DOS profiles with constant diffusivity (left), a window diffusivity distribution (middle), and a Gaussian diffusivity distribution (right). (b) Calculated mobility vs. temperature at various charge concentrations for the three DOS profiles.[42] Copyright 2011, AIP. (c) Simulated potential profile in an OFET with a 50 nm pentacene film. When a sufficiently high gate voltage is applied, the potential shifts greatly on the left surface, thus indicating charge accumulation at that surface. (d) Calculated mobility for this OFET vs. gate voltage and temperature.[74] Copyright 2011, AIP.

Figure 18 .

 18 Figure 18. Drain-voltage dependence of the mobility. (a) Mobility measured under various lateral electric fields. (b) Mobility plotted vs. the square root of the lateral electric field at different temperatures. (c) Temperature dependence of the mobility under low and high lateral electric fields.[76] Copyright 2015, ACS. (d) Output characteristics of a TIPS-pentacene OFET measured at various temperatures. (e) Square root of the saturation current plotted vs. gate voltage for mobility extraction. The curve clearly shifts downward upon cooling, while the linearity also worsens. (f) Saturation mobility vs. temperature at various drain voltages.[77] Copyright 2010, Macmillan.

Table 1 :

 1 Summary of mobility extraction methods. Method LO I-V LT I-V LT I-V with C-V LT I-V for μ fe ST I-V for μ fe Raw data Linear output (I Dlin , V D ) Linear transfer (I Dlin , V G ) Linear transfer (I Dlin , V G ) + C-V(C GC , V G ) Linear transfer (I Dlin , V G ) Saturation transfer (I Dsat , V G ) Data selection 1

Table 1 (

 1 continued): Summary of mobility extraction methods. Dlin , V G ) Saturation transfer (I Dsat , V G ) Linear transfer (I Dlin , V G ) Linear transfer (I Dlin , V G )

  

  

  

  𝑉 𝐺 -𝑉 𝑇 -𝑉 𝐷 )Linear fit of I Dlin vs. V G

		V T	C i				C i	C i
	Mobility to extract	μ eff	μ eff		μ eff		μ fe	μ fe	*
	Extraction	𝑔 𝑑 = 𝜇 𝑒𝑓𝑓 = 𝐿 𝜕𝐼 𝐷 𝜕𝑉 𝐷 𝑊 𝐶 𝑖 (𝜇 𝑒𝑓𝑓 = | 𝑉 𝐺 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑔 𝑑	𝐿 𝑊	𝑠 1 𝐶 𝑖 𝑉 𝐷	𝑄 𝑖 = ∫ 𝐶 𝐺𝐶 𝑑𝑉 𝐺 𝑉 𝐺 -∞ 𝜇 𝑒𝑓𝑓 = 𝐿 𝑊 𝐼 𝐷𝑙𝑖𝑛 𝑄 𝑖 𝑉 𝐷	𝑔 𝑚 = 𝜇 𝑓𝑒 = 𝜕𝐼 𝐷 𝜕𝑉 𝐺	| 𝑉 𝐷 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐿 𝑔 𝑚 𝑊 𝐶 𝑖 𝑉 𝐷	𝑔 𝑚 = Linear fit of g m vs. V G 𝜕𝐼 𝐷 | 𝜕𝑉 𝐺 𝑉 𝐷 =𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝜇 𝑓𝑒 𝐿 𝑆 2 * = 𝑊 𝐶 𝑖
	Advantage	Less contact effect, with V D and V G dependences	Easy to use	Accurate, no need of C i pendence and V T , reliable V G de-	Easy to use	Relatively less contact effect
	Disad-vantage	Few data points for V G	Sensitive to contact ef-fect	Additional C-V meas-urements	Sensitive to contact effect and device operation	Rarely use
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