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Fig. 5. (a) In-scattering processes. Any state� is coupled with four states
� �	


 , � �	
� , � ��


 , and � ��
� . The two emission points are the solution to the

equation� � � � � � � � � � � � � � � � � � � � 0, and the two absorption points are
the solution to the equation� � � � � � � � � � � � � � � � � � � � 0. Here,� � is the
variable. (b) Out-scattering processes. Here,� �	


 and � �	
� are the solution

to the equation:� � � � � � � � � � � � � � � � � � � � 0, and� ��

 and� ��

� are the
solution to the equation� � � � � � � � � � � � � � � � � � � � 0.

where the �rst term is the rate of in-scattering to state� ,
and the second term is the rate of out-scattering from state� ,
and the integral is performed over a single spin (phonon scat-
tering does not �ip spin [29]) and single valley (intervalley
and intervalley processes are considered separately). The term
* � � � � � � � � represents the transition rate from� � � � � and is
calculated using Fermi’s Golden rule in the following way [29]:
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For out-scattering

* � � �� � � � � 2�� �
	
	) �

� � ��

	
	 �

� 
 " � � � " � 
 � ( � � � � �

� � 1/2 
 1/2 � � � � � � � � �� � (16)

Here,) �
��� � and) �

� � �� are the electron–phonon matrix elements
for the respective transitions with) �

��� � � ) � �
� � �� , and� � is the

phonon population. The upper and lower signs above repre-
sent emission and absorption processes, and the delta function
comes from the energy and momentum conservation rules [30].
Using the property of delta function [31]� 
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 � �, where� 
 ’s are the zeros of� � � � , the above delta
functions for in-scattering can be simpli�ed as [see Fig. 5(a)]
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and similarly for out-scattering as [see Fig. 5(b)]
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where� ��

 and� 
�


 are the zeros of the arguments of the delta
functions, as shown in Fig. 5, and� � " � � 
 �� is the DOS. DOS
comes from the derivatives of the arguments (evaluated at the
zeros)
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The second term in the above equation is phonon’s group
velocity, which is two orders of magnitude smaller than the
electron’s group velocity and thus dropped out. Thus
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Thus, in evaluating the collision integral, the four neighboring
states� ��

� , � ��
� , � 
�

� , and� 
�
� from which electron can in or out

scatter are calculated �rst using the phonon dispersion of the
respective mode according to the energy and momentum con-
servation rules. The matrix elements) �

� � �� of the corresponding
transitions are calculated next (as shown in Table I). Using (17),
(18), and (14), and referring to Fig. 5(b), the collision integral
is evaluated as
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where � ���
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 � � where
+� 1� 2, and, � em or ab. To avoid the Van Hove singularity
of 1-D DOS, we convolve the DOS with a Gaussian broadening
function of 0.1 meV, as prescribed in [32]. Physically, the
singularity never happens because, around these points, the
phonon DOS
��
( is no longer negligible.
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The phonon generation rate� � �� �� � � � is the difference
between the phonon emission rate and the phonon absorp-
tion rate
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Fig. 12. Temperature pro�le along the tube. Gate voltage is �xed at
� �� -0.5 V, and the drain voltage is varied from 0 to 0.5 V with a step of
0.055 V. Peak temperature occurs near the drain channel junction where
maximum voltage drop occurs. Inset shows the variation of quasi-Fermi level.
Note that maximum voltage drop occurs near the drain–channel junction.

results have shown that phonon scattering is expected to play a
small role under low and modest gate bias. At high gate bias,
however, hot-phonon effects can reduce the ballistic current by
10% (in addition to the reduction by equilibrium phonon scat-
tering). Overall, ballisticity decreases to 67% due to hot-phonon
scattering. The temperature pro�le of a nanotube MOSFET
with a gate bias of� �� � 0.5 V was calculated as a function
of drain voltage� � from 0 to 0.5 V. The rise in temperature of
20 K found here is much smaller than that observed in metallic
nanotubes because of the smaller operating voltage and current
of a CNT MOSFET. The results presented here give guidance
into the magnitude of the hot-phonon and self-heating effects
that might be expected in CNT MOSFETs.
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