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Abstract

:

We present the compact unified charge control model (UCCM) for carbon nanotube field-effect transistors (CNTFETs) to enable the accurate simulation of the DC characteristics and plasmonic terahertz (THz) response in the CNTFETs. Accounting for the ambipolar nature of the carrier transport (n-type and p-type conductivity at positive and negative gate biases, respectively), we use n-type and p-type CNTFET non-linear equivalent circuits connected in parallel, representing the ambipolar conduction in the CNTFETs. This allows us to present a realistic non-linear model that is valid across the entire voltage range and is therefore suitable for the CNTFET design. The important feature of the model is that explicit equations for gate bias, current, mobility, and capacitance with smoothing parameters accurately describe the device operation near the transition from above- to below-threshold regimes, with scalability in device geometry. The DC performance in the proposed compact CNTFET model is validated by the comparison between the SPICE simulation and the experimental DC characteristics. The simulated THz response resulted from the validated CNTFET model is found to be in good agreement with the analytically calculated response and also reveals the bias and power dependent sub-THz response and relatively wide dynamic range for detection that could be suitable for THz detectors. The operation of CNTFET spectrometers in the THz frequency range is further demonstrated using the present model. The simulation exhibits that the CNT-based spectrometers can cover a broad THz frequency band from 0.1 to 3.08 THz. The model that has been incorporated into the circuit simulators enables the accurate assessment of DC performance and THz operation. Therefore, it can be used for the design and performance estimation of the CNTFETs and their integrated circuits operating in the THz regime.
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1. Introduction


Recent breakthrough in fabricating a carbon nanotube (CNT) microprocessor highlights the potential for CNT applications [1]. CNTs have unique electrical properties, particularly quasi-ballistic transport and high carrier mobility, making them potential candidates for high-frequency applications, including applications in the terahertz range of frequencies. A compact design CNT model implemented in a standard computer-aided design (CAD) environment, such as CADENCE or ADS [2], is a prerequisite for the development of the CNT-based THz detectors, mixers, frequency multipliers, and sources operating in a circuit environment. Analytical models to represent a ballistic and an ambipolar carbon nanotube field-effect transistor (CNTFET) were developed [3,4,5], and circuit compatible models for CNTFETs based on the fundamental properties of CNTs were reported [6,7,8,9,10]. In this paper, we propose a compact unified charge control model (UCCM) for CNT-based FETs that are valid for THz frequencies. This model offers accurate descriptions of the ambipolar DC characteristics of the CNTFET and the device operation in the THz regime under both positive and negative gate biases.




2. Unified Charge Control Model for Ambipolar CNTFETs


2.1. Model Description


Ambipolar conduction has been demonstrated as a transfer characteristic of CNTFETs and is explained by the dominance of electrons or holes in the channel due to the thermionic emission and tunneling mechanisms at the source-sided and drain-sided Schottky barriers under different gate and drain biases [3,5,11]. To model this behavior, we introduce an n-type CNTFET and a p-type CNTFET (n-CNTFET and p-CNTFET) connected in parallel to represent the intrinsic elements for channel conduction. When the applied gate bias changes from negative to positive voltage or vice versa, the CNTFET channel will change from one type to the other. Figure 1 depicts the equivalent circuit representing the proposed CNTFET SPICE model without including extrinsic elements. The intrinsic gate-to-source capacitance (   C  g s    ) and the gate-to-drain capacitance (   C  g d   )   of the CNTFET are also implemented in the model to account for the intrinsic charge distribution.



The equations for the CNTFET model are based on the UCCM, which has been used for MOSFET, MESFET, and HFET modeling [12,13,14,15]. This universality of UCCM is due to the fact that the model treats an FET as a charge controlling device and a potential barrier device in the above- and below-threshold regimes, respectively, using the unified and continuous equations which are suitable for circuit simulations and are also scalable with geometry and bias [14,15].



The current–voltage characteristics of the intrinsic CNTFET are expressed by the universal interpolation equation as follows:


   I  d s   =    g  c h    V  d s    (  1 + λ  V  d s    )       [  1 +    (   V  d s   /  V  s a t e    )     m  i d      ]    1 /  m  i d       ,  



(1)




where  λ  is the parameter for channel length modulation;    V  d s     is the extrinsic drain-to-source bias;    m  i d     is the adjustable exponent determining the saturation transition of the output conductance;    V  s a t e     is the effective, extrinsic saturation voltage,    V  s a t e   =  I  s a t   /  g  c h    ;    I  s a t     is the saturation current;    g  c h     is the extrinsic channel conductance,    g  c h   =  g  c h i   /  (   (  1 +  g  c h i      (   R s  +  R d   )   )   )   ;    R s    and    R d    are the source and drain series resistance, respectively; and    g  c h i     is the intrinsic channel conductance.



Equation (1) describes a continuous and smooth transition between the linear and the saturation region. The drain current in the linear region is given by    I  d s   ≈  g  c h    V  d s    . The output characteristics in the saturation region can be described by the factor   1 + λ  V  d s     and hence the output conductance in well-above saturation is dependent on   λ  I  s a t     [14,15].



At large drain-to-source voltages, the drain current saturates when the charge carrier velocity becomes equal to the effective saturation velocity,    v s  .   To express the drain saturation current    I  s a t    , the basic saturation current equation used in Refs. [14,15] is adopted as follows:


   I  s a t   =    g  c h i    V  g t e     1 +  g  c h i    R s  +   1 + 2  g  c h i    R s  +    (     V  g t e      V L     )   2      ,  



(2)




where    V L  =  v s  L / μ   is the characteristic voltage of velocity saturation,  μ  is the channel mobility,  L  is the channel length, and    V  g t e     is the effective gate voltage swing accounting for both above and below threshold values:


   V  g t e   = η  V  t h    [  1 +    V  g t     2 η  V  t h     +    δ 2  +    (     V  g t     2 η  V  t h     − 1  )   2     ]  ,  



(3)




where  η  is the sub-threshold ideality factor,  δ  is the parameter controlling the transition width between above and below threshold,    V  g t     is the gate voltage swing, and    V  t h     is the thermal voltage.



The intrinsic channel conductance can be written as    g  c h i   =  (  q  n s    μ  )  / L  , where  q  is the elementary charge and    n s    is the empirical expression of the charge carrier density accounting for the transition between the linear and saturation regime sin the CNTFET, which is given by


     n s  =    n  s 1     1 +    (     n  s 1      n  m a x      )     m  n s       ,  



(4)




where    n  m a x     is the maximum charge carrier density,    m  n s     is the transition parameter determining the steepness of the carrier density saturation, and    n  s 1     is the unified charge carrier density in the channel describing a continuous transition between the above- and below-threshold regimes [14,15],


   n  s 1   =  C  1 d   ·    V  t h    q  ln  [  1 + exp  (     V  g t     η  V  t h      )   ]  ,  



(5)




where    V  g t   =  V  g s   −  V T    is the gate-to-source voltage swing and    V T    is the threshold voltage.



The factor    C  1 d     indicates the gate-to-channel capacitance per unit length comprised of the series-connected gate dielectric capacitance and CNT quantum capacitance.


   C  1 d   =    C Q   C  1 g        C Q  +  C  1 g     .  



(6)




Here,    C Q    is the quantum capacitance expressed as    C Q  =  a c   ε 0   ε r   , where    a c    is the adjustable quantum capacitance factor.    C  1 g     is the gate insulator capacitance adopted from the capacitance equation between an one-dimensional wire and a plane substrate, which is given as follows [16]:


   C  1 g   =   2 π  ε 0   ε r    A r c c o s h  [    2  d i     d  c n t     + 1  ]    ,  



(7)




where    d i    is the gate oxide thickness,    d  c n t     is the diameter of CNT,    ε 0    is the vacuum permittivity, and    ε r    is the dielectric permittivity,



The channel mobility equation is developed for describing the mobility behavior in the CNTFET experimentally demonstrated in [17]


  μ =    μ  f e t 1     1 +    (  θ  V  g t e    )     m t      ,  



(8)






   μ  f e t 1   =  1   1   μ 0    +  1   μ 1     (     V  g t e     η  V  t h      )     m  m u         ,  



(9)




where    μ 0    is the above threshold mobility,  θ  is the mobility degradation parameter,    m t    is the mobility degradation exponent,    μ 1    is the adjustable mobility parameter, and    m  m u     is the adjustable mobility exponent.



To evaluate the gate-to-source capacitance   (  C  g s    ) and the gate-to-drain capacitance (   C  g d    ), the unified equations based on the Meyer’s model [18] are implemented in the present CNTFET model.


   C  g s   =  2 3   C  g c    [  1 −    (     V  s a t e   −  V  d s e     2  V  s a t e   −  V  d s e      )   2   ]  ,  



(10)






   C  g d   =  2 3   C  g c    [  1 −    (     V  s a t e     2  V  s a t e   −  V  d s e      )   2   ]  ,  



(11)




where    C  g c   =  C  1 d   L exp  (   V  g t   / η  V  t h    )  /  [  1 + exp  (   V  g t   / η  V  t h    )     ]    is the differential gate-to-channel capacitance, and    V  d s e     is the effective, extrinsic drain-to-source bias.




2.2. Model Validation


We compared the simulated results with experimental data previously reported in [19] to validate the present CNTFET compact model. The CNTFET used in [19] is composed of a 50-nm-long single-walled nanotube (SWNT), an 8-nm-thick HfO2 gate dielectric, a top aluminum gate electrode, and palladium (Pd) source and drain contacts. The measured current–voltage characteristics show quasi-ballistic transport because of the Schottky barrier lowering at the Pd contact to p-channel SWNT, small diameter of the CNT, and thin and high- κ  gate dielectric [19,20]. For device modeling, a series resistance (1700  Ω ) [19] and a quantum capacitance (  4 ×   10   − 10     F / m  ) [21] were included.



To simulate CNTFET performance using the SPICE simulator, the model parameters for a p-CNTFET and a nominal n-CNTFET must be determined on the basis of the experimental data. We used the standard parameter extraction method [14] to approximate the parameters  λ  and    m  i d     in Equation (1) and the threshold voltage. In the deep saturation regime, the output conductance can be expressed as    g  c h   ≈ λ  I  s a t    , and it is defined as the slope of the measured output characteristics at large drain bias. Likewise, the output conductance in the linear regime can be defined as a slope at small drain voltages. These two linear pieces yield an intersection point that corresponds to the saturation current, and therefore,  λ  can be estimated from the ratio of    g  c h     to    I  s a t    . At the saturation voltage, the drain current can be reduced to    I  d s   ≈  I  s a t   ·  2  − 1 /  m  i d       so that parameter    m  i d     can be determined with the estimated    I  s a t    . The threshold voltage can be estimated by defining the voltage point where the current begins to flow in the transfer characteristics. We finally adjusted those estimated values and determined other parameters included only in the CNTFET model via numerical optimization using the interpolation strategy to obtain the best fit of referenced data.



The compact CNTFET model was implemented in Verilog-A, and current–voltage characteristics were estimated through ADS simulation with the determined parameters. As shown in Figure 2, the good agreement between the simulated results and experimental data confirms that the model is valid for simulating the electrical characteristics of the CNTFETs. The channel carrier mobility for p-CNTFET and n-CNTFET was theoretically estimated based on Equation (8) and Equation (9). The n-CNTFET exhibits electron mobility that is two orders of magnitude lower than the hole mobility of the p-CNTFET due to the suppressed electron conduction, as identified in Figure 2a. The differential gate-to-channel capacitance,    C  g c    , which represents the variation in the charge carrier density with respect to the gate voltage, was also estimated. The maximum value of    C  g c     of p- and n-CNTFET was achieved in the above threshold regime corresponding to the negative and positive gate bias region, respectively. This reveals that the present CNTFET model can properly describe dominant carrier type in drain currents, and consequently, the parallel-connected CNTFETs can describe the ambipolar carrier transport characteristics.





3. THz Response in CNTFETs


The CNTFET model with the parameters determined above was used in the THz simulation in order to investigate the THz response dependence of the CNTFET on the gate voltage and the THz amplitude. Considering the ballistic characteristics of the CNTFET, the motion of charge carriers in the CNT channel can be modeled by the equations of the hydrodynamic model [22,23] as follows:


    ∂ v   ∂ t   + v   ∂ v   ∂ x   +  v τ  = −  q m    ∂ U   ∂ x   ,  



(12)






      ∂ n   ∂ t   +   ∂  (  n v  )    ∂ x   = 0 ,  



(13)




where  v  is the charge carrier velocity,  n  is the charge carrier concentration,  q  is the elementary charge,  m  is the charge carrier mass,  U  is the gate-to-channel voltage, and  τ  is the momentum relaxation time of the carriers in the channel.



An incident THz radiation excites plasma oscillations in the channel region, and the nonlinearity of such plasma waves results in a finite DC component of source-to-drain voltage response. If an AC voltage    U a  cos ω t   with a frequency ( ω ) is induced by the incident THz beam between the gate and the source and the amplitude of the AC voltage (   U a  )   is sufficiently small, the drain voltage response     ( δ U  ) with the open-drain boundary condition is given as follows [22,23,24]:


  δ U ~    U a 2    4  V  g t     .  



(14)







Figure 3 shows a schematic of the SPICE simulation circuit used for THz detection in the CNTFET with the load resistance of 2    M Ω    at the drain. The load resistance effect can be described as   δ U  R L  / (  R  c h   +  R L  ) ,   where    R  c h     is the channel resistance and    R L    is the load resistance [24]. The induced AC signal between gate and source was modeled as the AC voltage source, and the THz response of the CNTFET was estimated by extracting the DC component of the drain response. The effect of the substrate was implicitly accounted for via the fitted current–voltage characteristics. The response was also analytically estimated on the basis of the broadband detector model [22,23,24]. Firstly, the drain response to 0.3 THz signaled as a function of the gate voltage with    U a  = 0.01 V ,   and the optimized external capacitances at 300 K was estimated. Figure 4a shows a good match between the analytical model and the simulated results in the above threshold regime, thus confirming that the proposed CNTFET model is valid for simulating THz detection. The drain response as a function of    U a    at different gate voltages was also simulated, as shown in Figure 4b. The quadratic response (  δ U  ~   U a 2   ) corresponding to the non-resonant plasmon oscillations to the incident 0.3-THz signal was identified at positive, negative, and zero gate biases. Since   ω τ < 1   at 0.3 THz in the tested gate voltage region, the non-resonant drain response was theoretically estimated [23,24]. The plasmonic response in the broad range of the gate voltages results from the ambipolar characteristics of the CNTFET. At a zero gate voltage, the quadratic response at small    U a    and the non-quadratic response at large    U a    were distinctly observed, as predicted by the analytical theory [25]. At a positive gate voltage, the response became saturated, and a relatively narrow    U a    range was shown. At a negative gate voltage, the broad dynamic range was identified, but response saturation was not observed in the tested range of    U a   . The simulated response at different gate voltages commonly increases quadratically as    U a    increases up to ~0.03 V, and this sufficiently wide dynamic range allows CNT THz detection.




4. CNTFET THz Spectrometer


Using the unified charge control CNTFET model with the optimized parameters above, we simulated the operation of the p-CNTFET spectrometer at the THz frequencies. A multisegment approach [26] was adopted in the present simulation to consider the current crowding effect. Fifty channel segments were used, allowing response simulation at high frequencies (up to 10 THz). The THz spectrometer response of p-diamond, GaN, InGaAs, and Si FET with asymmetry induced by the phase difference between the applied THz signals at the source and at the drain (Figure 5), was demonstrated in the earlier studies [26]. The response is given as follows [27]:


  Δ U =    U a 2    4  V  g t     f  ( ω )  ,  



(15)






  f  ( ω )  =   β ω sin Θ      |  sin  (  k L  )   |   2     (   ω 2  +  γ 2   )    1 / 2     ,  



(16)






  β = 8 sinh  (    Γ L  s   )  sin  (    Ω L  s   )  ,  



(17)






  Γ =    (   1 2   (     (   ω 4  +  ω 2   γ 2   )    1 / 2   −  ω 2   )   )    1 / 2   ,  



(18)






  Ω =    (   1 2   (     (   ω 4  +  ω 2   γ 2   )    1 / 2   +  ω 2   )   )    1 / 2   ,  



(19)




where  Θ  is the phase difference;  k  is the plasma wave vector;   γ = 1 / τ   is the inverse momentum relaxation time;   s =    (   q 2   n s  /  (   m e   C  1 d    )     )    1 / 2    , the plasma wave velocity for the gated wire [28]; and    m e    is the effective mass of the charge carrier.



Figure 6a,b show the comparison between the analytical and simulated responses as a function of the frequency in the above threshold regime, and good agreement can be observed between them. The results demonstrate that the response of the spectrometer is periodic with the frequency even in the nonresonant condition, and it can be modulated by adjusting the gate bias and the channel length. An important feature of the spectrometer response is the characteristic frequencies, corresponding to the zero response, which are called cross-over frequencies [26,27]. Under incident radiation with a specific frequency, the lowest value of the cross-over frequencies,    f  c o    , can be tuned by the gate bias for each degree of the phase shift, and the range of    f  c o     with the specific phase shift is the critical parameter for the operation of the spectrometer [26].



Figure 7a shows comparison of the dependence of    f  c o     on the gate voltage between the analytical and simulated results for different CNT channel lengths. Figure 7b represents the ranges of    f  c o     in the p-CNTFET spectrometers with different channel lengths, which are compared with those in electronic devices based on different materials [26]. The p-CNTFET spectrometer shows the broad range of    f  c o    , and its operational frequency band covers a broad range from 0.1 to 3.08 THz.




5. Conclusions


In this report, we have proposed the compact unified charge control CNTFET model that consists of p-CNTFET and n-CNTFET connected in parallel to accurately estimate the performance of the ambipolar CNTFETs and investigated THz response behavior in the CNTFET using this compact model. The model has been validated by comparison between the SPICE simulations and measurements, confirming that the present model can describe the DC characteristics of the CNTFETs for the hole and electron conduction regime. The simulated drain voltage THz response depending on the gate bias closely agrees with the analytical results, thus demonstrating that our CNTFET model is valid for simulating the THz detection. Further simulation results confirm that the CNTFET detectors can operate in a wide range of incident beam power and gate bias. We have also demonstrated the operation of the CNTFET spectrometer in the THz frequency range using the proposed compact model with the multisegment approach. The results show that the gate voltage-tunable response of the CNTFET spectrometer covers wide range of frequencies from 0.1 to 3.08 THz. With increasing demand for high-speed wireless communications, the THz frequency range has become an essential bandwidth, also increasing the necessity for development of novel THz detectors. Carbon Nanotubes are a promising material for THz sensing, and our compact CNTFET model could be employed for investigating and developing the CNT-based THz devices.
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Figure 1. The equivalent circuit of the carbon nanotube field-effect transistor (CNTFET) SPICE model. The CNTFET can be modeled as parallel-connected n-type and p-type CNTFETs.    C  g s n      (   C  g s p    )    and    C  g d n      (   C  g d p    )    indicate the intrinsic gate-source capacitance and the gate-drain capacitance of the n-CNTFET (p-CNTFET), respectively. 
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Figure 2. Measured [19] (symbols) and simulated (lines) drain currents for the CNTFET compact model. (a) Transfer characteristics at drain voltage,    V  d s     = −0.1, −0.2, and −0.3 V. (b) Output characteristics at the gate voltage,    V  g s     from −1.3 to 0.2 V in 0.3 steps. 
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Figure 3. Schematic illustration of the simulation circuit for the CNTFET THz detection with the open boundary condition at the drain. 
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Figure 4. (a) Analytical (symbols) and simulated (solid line) THz responses to the 0.3 THz signal as a function of the gate voltage with a small amplitude (   U a  = 0.01 V  ), (b) Simulated THz response versus the amplitude of radiation at    V  g s   = − 1 ,   0 ,   and   0.5   V  . 
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Figure 5. Schematic simulation circuit for the p-CNTFET spectrometer. The THz rectification voltage response is generated due to the asymmetric boundary conditions induced by the phase shift,  Θ , between two THz signals applied to the source and drain at the gate bias,    V  g s    . 
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Figure 6. Frequency dependent spectrometer response in the above threshold regime (   V  g s   = 0 , − 0.2 V  ) for the p-CNTFET with (a)   L    = 60 nm, and (b)   L    = 130 nm. 
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Figure 7. (a) Gate-voltage dependent cross-over frequencies estimated from the simulated results and analytical model with different channel lengths of the p-CNTFET. (b) Cross-over frequency ranges in different material-based devices [26]. 
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