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Abstract

We report a method and experiment to detect the transport of the lattice 

phonons generated by hot electrons during the MOSFET operation. We used 

the band-to-band tunneling (BTBT) device as a phonon sensor. This method 

is useful to detect the phonon energy even in non-equilibrium as well as the 

equilibrium. We explain the fundamental principle that the BTBT current can 

estimate the phonon energy even in non-equilibrium. In order to validate the 

idea, we measured the phonon energy generated by the hot electron scattering 

at a nearby MOSFET (as a phonon generator) with the gate-induced drain 

leakage (GIDL) current of the MOSFET (as a phonon sensor). For the

experiment, we designed the 5-transistors scheme, in which one transistor is

the phonon sensor and the other 4 transistors are the phonon generators. In 

this experiment, we use the lock-in technique in order to measure the 

increment of the GIDL current which is caused by an arrival of the phonons

transported from the phonon generator. In the experiment at the room 

temperature, during the operation of each phonon generator on different 

distances and the gate bias conditions, we estimate the equivalent lattice 

temperature from the variation of the GIDL current on the assumption of the 
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system in the near-equilibrium. Moreover, by performing the same 

experiment at low temperature, we measure the phonon energy under a non-

equilibrium with the phonon sensor based on the BTBT. Additionally, our 

phonon sensor has the advantage of high spatial resolution, since the GIDL 

current results from the BTBT in a very small overlap region (about 10 nm) 

of the gate and drain of the MOSFET. With this advantage, we observed the 

retardation of the phonons generated in a MOSFET, by applying small signal 

modelling to the method. Finally, as the measurements were made at 

different temperatures, we observed the change in the phonon transport 

properties due to changes in thermal conductivity.

Keywords: Phonon, Gate-Induced Drain Leakage (GIDL), Band-to-band 

Tunneling (BTBT), n-MOSFET, Lattice temperature, Electron temperature, 

Hot carrier.

Student Number: 2013-20830
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Chapter 1

Introduction

1.1 Motivation

As the device is scaled down and the number of devices in a chip increases

rapidly, the number of the phonons generated by the hot carriers on a chip

has been also significantly increased and they are a cause of degradation of 

the chip performance. In particular, since there is, of course, the greatest 

amount of phonons in the heat source (the drain side of the channel in 

MOSFET), it is important to measure the amount of the phonons near the 

heat source. 

As a significant measure of an increase in the phonon, the lattice temperature 

(��) has been considered. For example, the phonon energy (�) or the phonon 

number (�) can be expressed with ��, as:

�(�, ��) =
�

�(ℏ� ���⁄ )��
                      (1.1.1)

�(��) = ∫ ��(�, ��) +
�

�
� ℏ��(�)��

����

�
           (1.1.2)

Here, ℏ� is the phonon energy and �(�) is the phonon density of states.

As these demands, a variety of methods to estimate the lattice temperature on 
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a chip have been reported: for example, the temperature characteristics of a 

PN diode leakage or a sub-threshold swing in a MOSFET have been used as 

temperature sensors [1]-[3]. Those methods are all based on the assumption 

of near-equilibrium for electrons with lattice temperature. This assumption is

reasonable in case of near-equilibrium condition of the phonons at the

temperature sensor. It is because the electrons are distributed on a near-

equilibrium on ��, as a result of the interaction with these phonons, as 

described in figure 1-1. Therefore, the current variation of the sensors can 

reflect the lattice temperature. In other words, the mentioned sensors estimate 

�� with electron temperature (��).

However, in the nano-CMOS era, as the size of the devices has been scaled 

down, the temperature sensors near the heat source transistor can operate

while the electrons under the non-equilibrium condition. This can occur in 

the case that the distance between the device as the heat source (or a phonon 

generator) and the temperature sensor is shorter than the mean free path of 

the phonon. We illustrate the condition in figure 1-2. Thus, the current of the

temperature sensor reflects the effect of the electrons and the phonons in non-

equilibrium, where the distribution of the electrons and the phonons are quite 

different from their equilibrium states. Thus, the temperature sensor based on 

near-equilibrium is not appropriate in the condition.
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Moreover, near the heat source, the number of phonons profile shows a 

degree of high gradient. Therefore, in order to precisely monitor the thermal

transport near the heat source, the phonon sensor should have the spatial 

resolution and be placed very close to the heat source transistor. The 

conventional method of thermal monitoring using the PN diode leakage [1] is 

not suitable to locally measure the phonon number. It is because the PN 

junction current is determined by the generation of the electron-hole pairs in 

a wide junction area.
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Figure 1-1 Typical methods to sense the lattice temperature or phonons. 
These methods are based on the assumption the electron distribution at 
sensor is under near-equilibrium on the electron temperature (��) which is 
the same the lattice temperature (��).
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Figure 1-2 Conceptual illustration about the distribution of the phonons 
around the hot spot; (1) At hot spot, the phonons at generated by the 
electron-phonon scattering. (2) Within the mean free path of the phonon, the 
phonons decay into other phonons in mode. However, they are still in non-
equilibrium. (3) Above the mean free path of the phonon, the phonons 
almost fully decay. Therefore, the phonons and electrons are in the near-
equilibrium.
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1.2 Concepts of the phonon sensor

We propose the new method which can be used for both near and non-

equilibrium state of the phonons. It is feasible by directly observing the 

reduction in bandgap caused by the phonons which are transported from the

phonon sources.

It is based on the principle that the phonons perturb the periodic potential of 

electrons and consequently cause a shift in the electron energy states [4],[5]. 

The minimum conduction band state of silicon shows a positive shift and the 

highest valence band state shows a negative shift. According to the studies 

about the electron-phonon effects on the bandgap [6], the reduction in the 

bandgap by the phonons is proportional to the phonon energy (�).

∆�� = �� = � ∫ ��(�) +
�

�
� ℏ��(�)��

����

�
       (1.2.1)

This reduction in the bandgap can reflect the phonon energy both for near 

and non-equilibrium state of the phonons.

Therefore, when the phonons number increases as ∆�(�) due to hot 

electron scattering, the additional reduction in bandgap is expected as:

�∆� = � ∫ ∆�(�)ℏ��(�)��
����

�
          (1.2.2)

We describe the principle of the phonon sensor based on the BTBT in figure 

1-3.
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Moreover, the reduction in the bandgap is sensitively measured by the band-

to-band tunneling (BTBT) current, since the bandgap acts as a tunneling 

barrier in the BTBT of the electrons [7], [8]. The sensor based on the BTBT 

can be implemented by applying the GIDL bias to a MOSFET. With this 

principle, we measured the phonons produced in the heat source MOSFET

with nearby another MOSFET which is used as phonon sensor based on the

BTBT, as described in figure 1-4. We introduce the principle of our phonon 

sensor in detail in chapter 2.

In addition, since the GIDL current results from the BTBT in a very small 

overlap region (about 10 nm) of the gate and drain of the MOSFET, the 

sensor has the high spatial resolution. Finally, the MOSFET as a thermal 

sensor can be located next to the heat source MOSFET with finger structure 

[3].
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Figure 1-3 Principle of the phonon sensor based on the BTBT. When the 
phonons arrive at the phonon sensor from the hot spot, they reduce the 
bandgap of the phonon sensor and increase the BTBT rate of the electrons.
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(a)

(b) (c)

Figure 1-4 (a) n-MOSFET used as a phonon generator and a phonon sensor. 
(b) Emission of the phonons by hot electrons at the drain side of the channel 
region on the phonon generator (c) Enhancement of the BTBT due to arrival 
of the phonons at the gate-to-drain overlap region in the phonon sensor
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1.3 Outline of the Dissertation

In chapter 2, we summarize the underlying physics about the process of the 

phonon generation due to the electron-phonon scattering, the decay process 

of the phonon. And, in order to explain the principle that the BTBT of the 

electron can detect the phonons in both near-equilibrium and non-equilibrium 

condition, we introduce the phonon effects on the bandgap. In chapter 3, we 

introduce the experimental setup in detail. The experimental results are also 

presented and discussed. Furthermore, we present the fundamental principle 

to estimate the equivalent temperature in near-equilibrium. In chapter 4, we 

introduce the experimental method in order to measure the phonon under a 

non-equilibrium condition. With this experiment, we show that our phonon 

sensor can detect the phonons in non-equilibrium condition. In chapter 5, we 

introduce that our phonon sensor using the GIDL current of the MOSFET is

suitable for measuring the phonons even in the local region. This is because 

the GIDL current results from the BTBT of the electrons in the small overlap 

region between the gate and the drain. Due to the advantage of our phonon 

sensor, we can measure the phonon transport time on a chip at different 

temperature. In this chapter, we explain the experimental method to detect 

the phonon transport time on a chip and discuss the experimental results.

Finally, we conclude our work in chapter 6.
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Chapter 2

Principle of the phonon sensor based on the 
BTBT

2.1 Introduction

In this chapter, we explain the principle that the phonon sensor based on the

fact that BTBT can measure the phonons even in non-equilibrium. First, we 

introduce the mechanism of the phonon generation and transport from the 

MOSFET. Next, we introduce the underlying physics of the phonon effect on 

the bandgap. By adopting the typical expression of the GIDL current, we 

show quantitatively the possibility to detect the phonon with the GIDL

current. Finally, we show the phonon generation trend in the MOSFET with 

TCAD simulation.
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2.2 Phonon generation in MOSFET and decay process

At the hot spot on the channel in the MOSFET (we call it phonon generators), 

the phonons in a variety of modes (�, �), [where � and � refer to the 

phonon wave vector and the branch, respectively] are generated by the hot 

electrons. We plotted the phonon dispersion in figure 2-1(a) which shows the 

phonon energy in each modes (�, �). After generation at the phonon generator,

the gradient of the number of phonons cause the phonons diffusion into the 

substrate. During the diffusion, the phonons also decay into other phonon 

modes within the order of their mean free path. Such a decay process 

converts the non-equilibrium phonons in to near-equilibrium. 

At first, we computed the net phonon generation rate with the electric field of 

50 kV/cm in bulk silicon doped to 10������ with a Monte Carlo tool 

(named MONET [9]) and plot the generation rate of the phonons in figure 2-

1 (b). Especially, the longitudinal optical (LO) phonons of which the wave 

vector � is about 0.3� along 〈100〉 (we mark this mode with [0.3�, LO])

occupy the major portion of the total phonon modes generated by the hot 

electrons [10]. The phonon in mode (0.3�, LO) has a mean free path of 

around tens of nanometers. Most LO phonons decay dominantly into the 

combinations of transverse acoustic (TA) + longitudinal acoustic (LA) 

phonons [11], [12]. We summarize the four dominant combinations of 
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TA+LA phonons by referring to the Table II of [12].

However, after the decay, there still remains a considerable number of LA

phonons of the energy of around 40meV, of which the distribution is 

different from equilibrium as described in figure 2-2 (we refer the figure 2 in 

[11]). These LA phonons also return to near-equilibrium through next decay 

within the order of the mean free path (about hundreds of nanometer) [11].

Therefore, it can be concluded that within hundreds of nanometer from the 

hot source, the phonons are under non-equilibrium condition. The electrons 

interacting with these phonons are also under non-equilibrium. However, at 

the location out of the order of the mean free path, the phonons and electrons 

are distributed in near-equilibrium, as described in figure 1-2. 
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(a)

(b)

Figure 2-1 (a) Phonon dispersion in silicon in the [100] direction. (b) 
Computed phonon net emission spectrum at a constant electric field of 50 
kV/cm in bulk silicon doped to 10������.
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Initial pair I pair II pair III pair IV

LO LA TA LA TA LA TA LA TA

q�/(2π/�) 0 0.95 -0.95 0.75 -0.75 0.63 -0.63 0.53 -0.53

q�/(2π/�) 0 0.23 -0.23 0.48 -0.48 0.18 -0.18 0.05 -0.05

q�/(2π/�) 0.3 -0.13 0.43 0.25 0.05 0.53 -0.23 0.68 -0.38

Energy 
[meV]

62 44 18 41 21 38 24 35 27

Table 2-1 Energy and representative wave vectors for four dominant 

LA+TA phonon pairs which the phonons in mode 0.3�, LO produce during 

decay.

Figure 2-2 Energy distribution plot of the number of phonons produced by 
the decay of the phonon in mode 0.3�, LO vs their energy. It shows that the 
LA phonons are non-equilibrium. This figure is the figure 2 in reference 
[11].
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2.3 Phonon effects on the bandgap

Among phonons spreading through the substrate, some of them arrive at the 

phonon sensor. We express the number of the phonons as ∑ ∆��,��,� . The

increase in number of phonons means that the lattice vibrations are

intensified. Provided that there are ��,� phonons at the phonon sensor, the 

expectation value of the quadratic in the displacement ����� is proportional 

to ���,� + 1 2⁄ �, as:

���,����������,�� = ��,�(��,� + 1 2⁄ )��̂��,�,�
∗ ��̂�,�,�      (2.3.1)

Here ���,�� is the eigenvector of phonon and ��,� is a proportional

coefficient and ��̂,�,� is the unit polarization vector.

The vibration due to phonons changes the periodic potential of the electrons

in the lattice, as expressed:

� = �� + ∑
��

���
��� +

�

�
∑

���

�������
��������            (2.3.2)

where �� is the unperturbed periodic potential and �� is the displacement 

of an atom from its equilibrium position ��.

This perturbation causes the change in the electron energy state at the phonon 

sensor. In silicon, the perturbation makes the lowest state of the conduction 

band lower and the highest of the valence band higher. The bandgap
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consequently is reduced. We described it, in figure 2-3.
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(a)

(b)

Figure 2-3 (a) Potential of electron and energy band without phonons. (b) 
Potential of electron and energy band with phonons.
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In order to express the reduction of the bandgap (∆��) at the phonon sensor 

due to the phonons ∑ ∆��,��,� , we refer the study about the phonon effects on 

the electron energy state. According to the studies [4], [13] the electron 

energy shift (∆��,�) due to the electron-phonon effects is expressed as:

∆��,� = ∑
����

���,�
�,� ���,� +

�

�
�,                 (2.3.3)

where the coefficient ���,� ���,�⁄ is the contribution from the phonon in the 

mode �, � to ∆��,� and ��,� is the occupation number of the phonon mode.

From now on, we replace the coefficient ���,� ���,�⁄ with ��,�(��,�). Then,

the shift of the highest valence-band (�=� , �=0) due to ��,� can be

expressed as :

∆��,� = ∑ ��,�(��,�)�,� ���,� +
�

�
�              (2.3.4)

Similarly for the lowest conduction-band (�=�, �=0.84�), the shift due to 

��,� is expressed as:

∆��,�.��� = ∑ ��,�.���(��,�)�,� ���,� +
�

�
�           (2.3.5)

With these expression, we derive the expression of the reduction in the 

bandgap due to the phonons, ∑ ∆��,��,� , as:

∆�� = ∑ ∆��,�[��,����,�� − ��,�.������,��]�,�         (2.3.6)

Here, it is important that the electron phonon spectral function, 
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∑ ���,����,�� − ��,�.������,������ − ��,���,� , is known to be well fitted with 

�ℏ��(�) [6]. Here, ℏ� is the phonon energy, �(�) is the phonon density 

of states and � is a proportional constant. It means that the degree to which a 

single phonon of certain mode ( �, � ) affects the bandgap reduction, 

���,����,�� − ��,�.������,���, is proportional to the phonon energy ℏ��,�, as 

described in figure 2-4 (c).

Finally, it can be concluded that the reduction in the bandgap can precisely

reflect the energy of the phonons arriving at the phonon sensor, Δ�, like as:

∆�� = ��� = � ∫ ∆�(�)ℏ��(�)��
����

�
 �� ∑ ∆��,�ℏ��,��,�

(2.3.7)

The relation between the reduction in bandgap and the phonon energy holds 

for both the equilibrium and non-equilibrium.
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\

(a)

(b)

(c)

Figure 2-4 (a) Example of �-� diagram of electron. (b) Example of phonon 
dispersion. (c) Degree to which one phonon affects the bandgap reduction 
for each mode (�, �).
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2.4 Relation between GIDL current and phonon energy

As introduced in section 1.2, the reduction in the bandgap can be sensitively 

measured by BTBT current of the electrons and the GIDL biased MOSFET

can be used as the phonon sensor based on the BTBT.

In this section, we relate the increment of the GIDL current and the phonon 

energy (Δ� = ∑ ∆��,�ℏ��,��,� ).

We used the analytical formula for the GIDL current expressed by the 

effective surface electric field, �, a pre-exponential coefficient � and a 

coefficient � proportional to ��
�/�

, as follows [14], [15]:

����� = ����� (− � �⁄ )                 (2.4.1)

In silicon, the coefficient � is known to be relatively independent on 

temperature [16].

The derivation of the relation between Δ����� and Δ�, as follows:

First, by dividing the coefficient � into the bandgap independent term ��

and ��
�/�

, we change the eq.(2.4.1) to: 

�����,� = ����� (−�����
� �⁄

�⁄ )            (2.4.2)

Here, �����,� and ��� are the GIDL current and bandgap without the 

generated phonons.
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When the phonons (∑ ∆��,��,� ) arrive at the phonon sensor, the GIDL current 

increases due to reduction in bandgap which the phonons cause. We define 

reduction in bandgap as ∆�� and the consequent increment in the GIDL 

current as ∆����� .

Then, the total GIDL current can be expressed as: 

�����,� + ∆����� = ����� (−��(��� − ∆��)� �⁄ �⁄ )    (2.4.3)

Next, by using the binomial expansion for the term (��� − ∆��)� �⁄ on right 

side of eq.(2.4.3) and neglecting the second and higher powers of (∆�� ���⁄ ),

we can relate the increment of GIDL current and the reduction in bandgap 

resulting from the phonons, as:

���(1 +
∆�����

�����,�
) =

� ����� �

�

�����

�
��

�
∆��        (2.4.4)

Finally, by substituting the ∆�� with c∆� of eq.(2.4.4), we can obtain the 

relation between ∆����� and phonon energy ∆�. 

���(1 +
∆�����

�����,�
) =

� ����� �

�

�����

�
��

�
�∆� �� 

�������(�)

�����
���    (2.4.5)

The coefficient 3��log��(�) (2����)⁄ reflects the sensitivity of the phonon 

sensor for the phonon energy.

Since the relationship holds for both the equilibrium and non-equilibrium

conditions, the coefficient 3��log��(�) (2����)⁄ estimated under the 
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equilibrium can be also used for non-equilibrium condition. The estimation 

under the equilibrium condition can be known as follow: 

At first, the phonon energy in the equilibrium is expressed as eq.(1.1.2). Then, 

replacing Δ� with Δ� × ∂�(�) ∂�⁄ , eq. (2.4.5) can be changed to:

��� �1 +
∆�����

�����,�
� ≈

��������(�)

�����

��(�)

��
∆�            (2.4.6)

This is the temperature characteristic of the GIDL current of the phonon 

sensor. Therefore, the coefficient 
��������(�)

�����

��(�)

��
is obtained from the GIDL 

current-temperature characteristic of the phonon sensor. Thus, we performed 

an experiment to obtain the coefficient. The GIDL currents are measured by 

changing the temperatures of the wafer on the chuck from 100 K to 318 K

(as shown in figure 2-5 (a)). The gate and drain voltages of the phonon sensor

are kept in the GIDL mode with ��� and ��� of -3.5 V and 3 V, 

respectively. We plot the temperature characteristic of the GIDL current of 

our phonon sensor in figure 2-5 (b). Moreover, the term ∂�(�) ∂�⁄ can be 

derived by differentiating eq.(1.1.2) over �. At the room temperature, it is 

calculated to be about 1.02 × 10�� eV ∙ cm��K�� . We plot the phonon 

energy �(�) as a function of � in figure 2-6. For our phonon sensor, the 

phonon energy sensitivity, 
��������(�)

�����
, is estimated to have about 2.55 ×

10��� eV�� at 300 K.
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(a)

(b)

Figure 2-5 (a) Experimental setup for measurement of the GIDL current-
temperature. (b) GIDL current-temperature (�����-�) characteristic of the 
phonon sensor at different temperature of the wafer on the chuck from 100 
to 318 K.
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Figure 2-6 Phonon energy at equilibrium as a function temperature. At the 

room temperature, 
��

��
is about 1.02 × 10��eVcm�� ∙ K��.
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2.5 Phonon energy generated in the phonon generator

In this section, we analyze qualitatively the phonon energy generated at the 

phonon generator.

The phonon energy generated at the phonon generator is the energy lost by 

the hot electrons during scattering with phonons in the channel. In order to 

estimate the energy loss rate of electron at a MOSFET, we used the Synopsys 

Sentaurus TCAD simulation considering the hydrodynamic model of the 

carriers [17]. The hydrodynamic model provides the energy balance 

equations, expressed as:

���

��
+ � ∙ ��

����⃑ = ��
���⃑ ∙ � �� �⁄ +

���

��
�

����
             (2.5.1)

���

��
+ � ∙ ��

���⃑ =
���

��
�

����
                        (2.5.2)

Here �� and �� are the energy densities for the lattice and the electron, 

respectively. ��
���⃑ and ��

����⃑ are the energy fluxes of the lattice and the electron, 

respectively. ��
���⃑ is the electron current density and �� is the conduction 

band edge.

In the equation, the phonon energy generation rate can be related with the 

second term on right side of eq.(2.5.1) which is the electron energy loss rate 

due to collision with the lattice and is the negative value of the term on right 

side of eq.(2.5.2). We calculated the energy loss rate of these electrons in our 
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phonon generator structure.

The structure is an n-MOSFET with a gate length of 180nm with a 2D 

structure, as shown in figure 2-7. Also, in table 2-2, the boron doping 

concentration of the substrate is 7 × 10�� ����, and the arsenic doping 

concentration of the source and drain has the Gaussian profile of which peak 

is 1.5 × 10�� ����. The transistor has the threshold voltage of 0.45 V.

The bias condition are as follows: First, the drain voltage is raised up to 2 V

within 0.1 ns. After then the gate voltage rises to high voltage (���) within 

100 ns. We kept this condition until the energy of the lattice and the electron 

reaches to steady state.

We plot the electron energy loss rate at the steady state as a function of ���

in figure 2-8. It shows that the total energy loss rate of the channel electrons 

due to scattering with lattice linearly increases with ��� over the threshold 

voltage. Since the generated phonons radiate from the hot spot, the phonon 

energy (Δ� = ∑ ∆��,�ℏ��,��,� ) which arrive at the phonon sensor is expect to 

have a similar trend.
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Figure 2-7 n-MOSFET structure for the simulation of the phonon generator. 

Value Unit

Impurity 
concentration 
on substrate 

(N�)

7 × 10�� ��−3

Peak of the 
impurity 

concentration 
on source and 

drain (N�)

1.5 × 10�� ��−3

Threshold 
voltage

About 0.47 V

Table 2-2 Information of the simulated n-MOSFET
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Figure 2-8 Total electron energy loss rate due to collision with lattice in the 
phonon generator versus its gate voltage (���).
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Chapter 3

Experiment for detection of phonons using
Gate Induced Drain Leakage current

3.1 Introduction

In this chapter, we introduce the experimental method to measure the 

increment of the GIDL current (Δ�����) of the phonon sensor caused by the 

phonons ( ∑ ∆��,��,� ). In section 3.2, the 5-transistors scheme that we 

designed for the experiment of the phonon detection is introduced. In section 

3.3, we introduce the experimental setup for the detection of the phonons

generated at a phonon generator with the GIDL current. In section 3.4, the 

experimental results are shown. Finally, we discuss about our experimental 

results in section 3.5. Especially, we explain the method to estimate the 

number and energy of the phonons in near-equilibrium condition from the 

measured GIDL current.
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3.2 Device design for phonon generator/sensor: 5-transistors 

scheme

In order to experimentally prove the idea and model in the previous chapters, 

we designed the 5-transistors scheme as shown in figure 3-1. The scheme 

consists of five n-MOSFETs of which the gate length/width are 180 nm/10 

mm and the threshold voltage is around 0.47 V. One of them (the blue-

colored gate) is used as the phonon sensor and the others (the red-colored 

gates) are as the phonon generators. Each phonon generator is located at 1.44 

mm, 2.88 mm, 4.32 mm and 5.76 mm away from the phonon sensor, 

respectively. The test devices are fabricated using the MagnaChip/SkHynix 

180nm process. We did not insert the shallow trench isolation (STI) layer 

between transistors so that the generated phonons reach directly to the 

phonon sensor through the bulk silicon without attenuation in STI region.
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Figure 3-1 Layout of the 5-transistors scheme. This scheme consists of the
1-phonon sensor and the other 4-phonon generators.
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3.3 Experimental setup

In order to detect the phonons based on the idea in the previous sections, we

applied the lock-in technique into the 5-transistors scheme, as shown in 

figure 3-2.

At first, a pulsed bias was applied to the gate of the phonon generator while

the drain voltage are kept in the steady mode with ���,��� of 2 V. The pulse 

has a frequency of 1 kHz (duty 50%) with a variable pulse amplitude (called 

��,���) from 0 to 3 V with a step of 0.2 V. Then the periodic generation of 

the phonons is expected. The pulse width (0.5 ms) is long enough for the 

generated phonon number to be saturated since the response time of the 

phonon generation of our phonon generator is expected much shorter than the 

pulse width (under ~10 ms).

The gate and drain voltages of the phonon sensor are kept in the GIDL mode 

with ���,��� and ���,��� of -3.5 V and 3 V, respectively, while the phonon 

generator is in the pulse mode. The GIDL base current without the phonon 

generation (�����,�) is about 9.1 mA but the periodical increment (∆�����) is 

added to the GIDL base current. It results from the periodic bandgap 

reduction which is caused by the periodic arrival of the phonons

synchronized with the gate pulse period (1.0 ms) in our experiment.
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In order to measure the amplitude of the periodic current (∆�����), the lock-in 

amplifier is used to take advantage of its high signal-to-noise ratio property. 

The total GIDL current (�����) response is converted to the voltage signal 

with a trans-impedance amplifier (TIA) and its output is connected to the 

input of the lock-in amplifier. The pulse generators and the lock-in amplifier 

are triggered and synchronized with the reference signal, which has a same 

frequency of the gate pulse. Finally, the periodic change (∆�����) in the total 

GIDL current is extracted from the output value of the lock-in amplifier.
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Figure 3-2 Experimental setup. The pulse applied to gate terminal of the 
phonon generator has an amplitude of ��,��� and frequency of 1 kHz. A 

trigger (Trig.) synchronized with the gate pulse (output of the function 
generator) is connected to the reference input (Ref.) of the lock-in amplifier. 
Simultaneously, the phonon sensor is operated under the GIDL bias. The 
small plot in this figure describes the voltages on each terminal as a function 
of time (t).
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3.4 Experimental results

As explained in the previous sections, ∆����� results from the bandgap 

reduction, which is proportional to the phonon energy ( Δ� =

∑ ∆��,�ℏ��,��,� ). Thus, the more the phonon energy arrives at the phonon 

sensor, the more an increment in the ����� is expected.

The qualitative dependence of the phonon energy generation rate at the 

phonon generator is introduced in section 2.5. The phonons energy arriving at 

the phonon sensor is expect to have a similar trend.

Figure 3-3 shows the experimental results of ∆����� as a function of ��,���

for the phonon generators located at different distance from the phonon 

sensor. As expected, it shows the qualitatively trend similar to that shown in 

figure 2-8. It is also observed that the further phonon generator away from 

the phonon sensor operate, the less ∆����� is measured. It means that the 

phonons generated at the phonon generator spread through the whole 

substrate by diffusion. So, the further away from the sensor the phonon 

generator operates, the less phonons arrive at the phonon sensor.
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Figure 3-3 Periodic increment of the GIDL current (∆�����) of the phonon 
sensor as a function of ��,��� of the phonon generators for different 

distances (1.44, 2.88, 4.32, and 5.76 mm). It was measured at 300 K.
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3.5 Discussion on the number phonon in equilibrium and non-

equilibrium

Since the distances of the phonon sensor from the phonon generators in our 

chip (as shown in figure 3-1) are longer than mean free path (about one 

hundred nanometers) of the phonon at room temperature, it is assumed that

the phonons reaching the phonon sensor are in near-equilibrium for each 

mode (�, �). In other words, the phonon occupation number for each, ��,�,

mode at the phonon sensor can be represented as the equivalent lattice

temperature, ���, by the Bose-Einstein statistics, ����,� , ��, as:

��,� = ����,� , ��� + ∆��,� ≈ �(��,� , ���)          (3.5.1)

Here, �� is the ambient temperature without the phonon generation at the 

phonon generator. Under near-equilibrium, this equivalent temperature can 

be also used as the indicator of the phonon energy, as:

�(���) = ∫ ����, ���� + 1 2⁄ �ℏ��(�)��
����

�
(3.5.2)

Therefore, it is important to relate ∆����� to the equivalent lattice

temperature, ���, at the phonon sensor. In order to estimate ��� from the 

∆����� data in figure 3-3, we compared the ∆����� data in figure 3-3 with 

increment of the GIDL current at 300 K in figure 2-5 (b) with the 

assumption of near-equilibrium.
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We plot the data of ��� with the red solid lines in figure 3-4. As can be seen, 

the lattice temperature increases up to 13 K when a phonon generator 1.44 

mm away from the phonon sensor is operated under the 3 V pulsed bias of the 

gate voltage. In addition, when the ��,��� is below 0.4 V, it is observed that

there is no appreciable amount of the phonon generation. With this equivalent 

temperature, the number of the phonons for each mode (�, �) at the sensor,

��,�, can be also estimated by the Bose-Einstein statistics in eq.(3.5.1).

By substituting the estimated ��� into eq.(3.5.2), we also calculated the 

phonon energy and plotted it on figure 3-5. Since the phonons are generated 

at the long drain edge, the flux of the phonon energy is expected to have 

1 �⁄ dependence at steady state (� is the distance from hot source). So, the 

phonon energy has a logarithm of � dependence. Thus, we fitted the phonon 

energy with function of (� ln � − �), which are marked with the dash lines 

of on figure 3-5. With this dependence, the phonon energies are able to be 

extrapolated to the heat source. Furthermore, the peak temperatures at the 

heat source also are able to be inversely determined with eq.(3.5.2). We 

added it on figure 3-4.

Next, as a comparison of the values of ���, the phonon sensor MOSFET 

was operated in the sub-threshold mode instead of the GIDL mode. In sub-

threshold mode, the gate-source voltage (���,��� ) and the drain-source
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voltage (���,���) of the phonon sensor are 0.45 V and 0.6 V, respectively, 

while the phonon generator is likewise in the pulse mode. When the phonons 

arrive at the phonon sensor, the electrons in the phonon sensor gain the 

energy from the phonons due to the electron-phonon interaction. Since the 

phonons are in near-equilibrium at the phonon sensor, the electrons 

interacting with these phonons also reach to near-equilibrium condition 

corresponding to ���. In other words, the electron temperature (��) at the 

phonon sensor increases up to ���. If the electrons are distributed in the near-

equilibrium for the same �� as ��� , the increment in the sub-threshold 

current (∆����) is a good indicator of the lattice temperature.

The relation between the sub-threshold current (���� ) and the electron 

temperature (��) is expressed as:

���� ≈
�

�
����

����

�
�

���������

�����             (3.5.3)

Here, � �⁄ is the width/length of the gate and �� is the diffusion constant 

and �� is the depletion capacitor and �� is the threshold voltage.

The black dotted lines in the figure 3-4 represent the temperature obtained 

from sub-threshold mode in the same manner of the case of the red solid line.

It is important that the equivalent temperatures obtained from two different 

set of the measurement, the GIDL and the sub-threshold mode, are almost the 
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same. It can be understood as the electrons and the phonons are in near-

equilibrium, as expected, since the phonon generators are farther from the 

phonon generator than the phonon mean free path.
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Figure 3-4 Equivalent lattice temperature obtained from two different set of 
the measurement, the GIDL (solid lines) and sub-threshold (dotted lines).
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Figure 3-5 Phonon energies estimated with lattice temperature by using 
eq.(3.5.2). Dash lines are functions of (� ln � − �).
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Chapter 4

Detection of the phonons in non-equilibrium

4.1 Introduction

The method to estimate the equivalent temperature with the sub-threshold 

current as mentioned in section 3.5 is not appropriate where the phonons and 

the electrons are under non-equilibrium. Under the non-equilibrium condition, 

especially at the place where the phonons are not fully relaxed to a near-

equilibrium, there exist some certain modes where a significant amount of 

phonon occupies. In other words, the number of the phonon for each mode 

(�, �), ��,�, cannot be represented by a constant ��� like as eq.(3.5.1). In the 

place, since the electrons interact with these phonons, the distribution of the 

electrons is also under non-equilibrium. Although the total energy of the 

electrons in the non-equilibrium state is the same as the electron energy in 

equilibrium at a certain electron temperature ��, the electrons in the both 

states will be distributed differently on the � -� states. Therefore, ���

obtained from the sub-threshold mode has a different value of ��. In other 
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words, under the non-equilibrium state, the values of ��� estimated from

∆���� does not precisely indicate the phonon energy. A similar explanation is 

also mentioned in [18].

However, if the phonon energy is same for both the equilibrium and the non-

equilibrium of the phonons and electrons, the same amount of ∆����� is 

measured under both states. It is because the bandgap reduction is 

proportional to the increase in phonon energy regardless of the conditions,

equilibrium or the non-equilibrium state, as mentioned in section 2.3. 

Therefore, ��� estimated from ∆����� reflects the total phonon energy. In 

order to prove it experimentally, we performed the same experiment as in 

section 3.3 at low temperature.
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4.2 Decay of the phonons in low temperature

In this section, we introduce the reasons to perform the same experiment as in 

section 3.3 at low temperature for the measurement of the phonons in non-

equilibrium.

As the temperature decreases, the phonon relaxation time (τ) increases due to 

the reduction in the phonon-phonon scattering. In order to calculated the 

mean free path of the longitudinal acoustic phonons, we use the temperature 

dependent expression for the relaxation time developed by Holland [19]:

���,��
�� = ������             (��, ������ + �������)   (4.2.1)

���,�
�� = ������                        (��, ������)   (4.2.2)

���,�
�� = �

0,          (��, ������� ��� � < ��)

�����/ ���ℎ �
ℏ�

���
�,   (��, ������� ��� � > ��)

   (4.2.3)

The mean free path (Λ�) is calculated as a product of the group velocity (��,�) 

and the total relaxation time (τ�
�� = τ�,�

�� + τ�,�
�� ), expressed as:

��� = ��,�����                 (��)    (4.2.4)

��� = ��,�����                   (��)    (4.2.5)

The group velocity is calculated with 
�

ℏ

�ℏ�

��
. (ℏ� is the phonon energy in 

figure 2-1 (a).) We plot the mean free path of the LA and TA phonons at 100 

K and 300 K in figure 4-1.
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For the LA phonons around the energy of 40 meV which account 

dominantly for the non-equilibrium near the hot spot, their mean free paths 

are calculated to about 40 nm at 300 K. However, it increases up to about 1 

�m at 100 K. Thus, it is expected that the non-equilibrium region of the 

phonons is broaden up to order of about 1 mm from heat source at 100 K. 

Then, during the operation of the phonon generator close to the phonon 

sensor, the phonon sensor operates under a non-equilibrium conditions for 

both the phonons and electrons.
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Figure 4-1 Mean free path of LA, TA phonons at 100 K, 300 K. It is 
calculated based on the Holland expression [19]. As the temperature 
decreases from 300 K to 100 K, the mean free path of the LA phonon 
around phonon energy of 40 meV increases from about 40 nm to about 1
�m.
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4.3 Experimental results and discussion

We carried out the same experiment as section 3.3 but at the different 

ambient temperature of 100 and 200 K. After measuring the increment of the 

GIDL current and sub-threshold current of the phonon sensor, the increment 

of equivalent temperature (∆���) is also obtained with the same method as 

explained in section 3.4.

Figure 4-2 shows the equivalent temperature increment, (∆���), estimated 

from ∆����� measured at 100, 200, and 300 K. The values of ∆��� with red 

solid symbols are estimated from ∆����� and those with black hollow 

symbols are estimated from ∆���� . It is seen that the values of ∆���

estimated from both GIDL and sub-threshold modes are almost the same at 

200 K and 300 K in every distance. However, at 100 K, during operation 

of the phonon generator 1.44 mm away from the sensor, the values of ∆���

estimated from the GIDL and sub-threshold modes show different values.

The differences also occur in the case of 2.88 mm but are smaller. It means 

that the phonons and electrons still remain under non-equilibrium in the 

region. On the other hand, for the cases of the phonon generators 4.32 mm 

and 5.76 mm away from the sensor, it shows mostly the same values of ∆���

for both modes. It means that the phonons and electrons decay into near-
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equilibrium in the region.
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(c)

(d)

Figure 4-2 Increment of the equivalent temperature at the phonon sensor.

The data on (a)-(d) are measured during operation of the phonon generator 

1.44 �m, 2.88 �m, 4.32 �m, and 5.76 �m away from sensor, respectively. 

The data in red solid symbol are measured under the GIDL bias condition 

and the data in black hollow symbol are measured under the sub-threshold 

bias.
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With these results, it is proved that under non-equilibrium, the values of 

∆��� obtained from the method based on the BTBT have a set different from 

ones obtained from the methods using the electron temperature. Also, we can 

conclude that the conventional methods using the electron temperature are 

valid only on the near-equilibrium state and inappropriate to estimate the 

phonon energy under non-equilibrium. However, the method based on the 

BTBT is suitable regardless of the equilibrium or non-equilibrium. With this 

advantage, the method based on the BTBT would be useful to estimate the 

generated phonon energy near the hot spot where the phonons and electrons 

are under non-equilibrium.

Moreover, the equivalent temperature obtained from method based on the 

BTBT would be the exactly same as the effective temperature, ����, of the 

non-equilibrium state, typically defined as [18], [20]:

�

(��)�
∑ ����,� , �����ℏ��,��,� =

�

(��)�
∑ �����,� , ��� + ∆��,��ℏ��,��,�

(4.3.1)

We also estimated the phonon energy from ∆��� at 100 K in the same 

manner of the data in figure 3-4. We plotted it with the red solid symbols in 

figure 4-3 and extrapolated it to the heat source with the red-dash lines. 

Additionally, the phonon energy � can be directly estimated from ∆�����

using the eq.(2.4.5).
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���(1 +
∆�����

�
����, �

) =
� ����� �

�

�����

�
��

�
�∆� �� 

�������(�)

�����
���    (2.4.5)

Then, to estimate Δ� from ∆����� , the coefficient 3��log��(�) (2����)⁄

should be obtained. The way to estimate the coefficient 

3��log��(�) (2����)⁄ is introduced in section 2.4.

At 100 K, the value of 3��log��(�) (2����)⁄ of our phonon sensor is

about 4.95 × 10���  cm� ∙ eV��. With this value, the increase in the phonon 

energy Δ� can be estimated from the ∆����� measured at 100 K using 

eq.(2.4.5). In figure 4-3, we plot the total phonon energy [�(100 K) + Δ�] 

with the black hollow symbols and extrapolate it to heat source. It is 

interesting to notice that small difference (4.3%) is found between the values 

of the total phonon energy estimated from the ∆����� directly and from the 

∆���.
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Figure 4-3  Phonon energies estimated from ��� and the measured GIDL 

current by using eq.(2.4.5). Dash and solid lines are functions of (� ln � −
�).
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Chapter 5

Measurement of temperature characteristics 
of phonon transport using the GIDL

5.1 Introduction

In this chapter, we report that our phonon sensor using the GIDL current of 

the MOSFET can be suitable for measuring the phonons even in the local 

region. This is because the GIDL current results from the BTBT of the 

electrons in the small overlap region between the gate and the drain 

[14],[21],[22]. Therefore, the GIDL current can sensitively measure the 

change of the phonon number in the local region of interest. The 

conventional method of thermal monitoring using the PN diode leakage [1], 

[2] is not suitable to locally measure the phonon number. It is because the PN 

junction current is determined by the generation of the electron-hole pairs in 

a wide junction area. By applying the advantage of our phonon sensor, we 

can even measure the phonon transport in time on chip.
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5.2 Experimental Setup and Method for measurement of 

phonon transport on chip

In order to explain our experiment for observing the phonon transport, we 

need to review the characteristics of the heat generation at MOSFET in 

section 2.5 and the relation between ∆����� and Δ� in section 2.4.

As shown in figure 2-8, with the constant drain-source voltage, the heat 

generation rate of a MOSFET is linearly increased as gate-source voltage 

increases over the threshold voltage. Moreover, the response time of the 

phonon generation due to the electron-phonon scattering is very short (about 

0.1 ps) [23]. Therefore, it is concluded that at the phonon generator, the 

profile on time of the generated heat is similar to the gate voltage wave on 

time. Since the reduction in bandgap (∆�� ) in eq.(2.4.4) is small, the 

variation of the GIDL current (∆�����) is also almost linear to the transported 

phonon energy (Δ�) in eq.(2.4.5). In other words, it can be considered as a

linear system of which the input is the phonons generated at the phonon 

generator and the output is the GIDL current of the phonon sensor.

The transfer function of the linear system can be modelled as:

�(s) =
�

����
(5.2.1)

Here, � is an attenuation factor of the heat which is transported from the 
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position (��) of the phonon generator to the position (��) of the phonon sensor. 

The time constant τ can be equal to �� if the effective thermal resistance 

and heat capacitance on thermal path from �� to �� is � and � , 

respectively. Then the the speed of phonon transport is simply estimated to:

� =
�����

��
(5.2.2)

With this model, in order to detect the phonon transport, we performed two 

ways to heat up at the heat source, (1) the step heating method and the (2) 

sinusoidal heating method.
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5.2.1 Step heating method

At first, the value of �� in eq.(5.2.2) can be obtained by measuring the time 

constant (τ) of the phonon intensity of the phonon sensor as a response to a 

step heating at the phonon generator. In order to generate heat in step form at 

the phonon generator, we induced the step pulse voltage into the gate of the 

phonon generator at a constant drain voltage (2 V). The rising time of the 

pulse is about 18 ns, which is larger than the response time of the phonon 

generation. As it is mentioned in previous section 5.2, there is little the 

phonon generation in the sub-threshold. The phonon generation rate is 

linearly increased as gate voltage increases over the threshold voltage. 

Therefore, it is expected that the phonon intensity at the phonon generator is 

increased as a step function when the gate voltage is larger than threshold 

voltage (��). If the generated phonons arrive the phonon sensor, the phonon

intensity at phonon sensor is increased and exponentially saturated. This 

phonon intensity can be observed by the GIDL current of the sensor transistor. 

The GIDL bias condition is as follows: ���,��� = −3.5 � and ���,��� = 3 �. 

In this condition, without the phonon generation at the phonon generator, the

base GIDL current (�����,� ) of about 9.1 � A flows in drain terminal. 

However, if the phonon is generated in step form at phonon generator, the 

exponentially saturated increment of the GIDL current (∆�����) is added to 
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the base GIDL current. The time constant (τ) of the increment of the GIDL 

current (∆�����) is equal to ��, where � and � are the effective thermal 

resistance and heat capacitance on thermal path from the phonon generator

(��) to the place (��) of the phonon sensor. We described it on the figure 5-1. 
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Figure 5-1 Step heating method and description of expected results.



63

5.2.2 Sinusoidal heating method

Another way to generate the phonon from the phonon generator is the 

sinusoidal method. This is for the measurement of �� in eq.(5.2.2) and 

monitoring the retardation time (∆t) of heat at the phonon sensor. We apply 

the sinusoidal voltage, instead of the step pulse voltage, into the gate of the 

heat source. Its high/low voltage is of 3.0 V/0.47 V and the period is 20 �sec. 

Then, with the same principle, the phonon intensity on time of the phonon 

generator follows the sinusoidal wave form over the gate voltage. Since the 

generated phonons arrive at the phonon sensor with some retardation time 

(∆t), the sinusoidal increment in the GIDL current (∆�����) is ∆t slower than 

the gate voltage wave. And this increment GIDL current is added to the base

GIDL current (�����,�) as shown in figure 5-2. By measuring the phase 

difference between the gate voltage of the phonon generator ���,��� and 

∆����� , ∆t is estimated. We describe it on figure 5-2

.
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Figure 5-2 Sinusoidal heating method and description of expected results.
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5.2.3 Results and discussion

We plotted ∆����� over time measured during the operation of each heat 

source transistor in step heating method on the figure 5-1 and in sinusoidal 

heating method on figure 5-2. At first, the amplitude of ∆����� is smaller as 

the phonon generator is further from the phonon sensor. 

In experiment of step heating method, it is observed that ∆����� is increased 

and exponentially saturated, as expected. The values of its time constant (τ) 

are plotted on the blue dash line in figure 5-4. This is because the thermal 

path (�� − ��) is longer. The sinusoidal heating method also has similar 

results. 

We measured the retardation time of the phonon transportation, ∆t , in 

sinusoidal experiment as shown in figure 5-3 (a) and plotted it on the red 

solid line in figure 5-4. It also shows that as the thermal path is longer, the 

phonons arrive at the phonon sensor later. 

The reciprocal of the slope in figure 5-4 means the speed of phonon

transportation on the chip. The values of the speed of phonon transportation

obtained by the step heating method and the sinusoidal heating method are 

about 2.27 m/s and 1.97 m/s, respectively. For verification, we have 

performed a numerical simulation of the thermal transport using the 

Synopsys TCAD tool with the hydrodynamic model. The bias condition of 
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the simulated MOSFET is the same manner of the sinusoidal heating method. 

The speed of heat transportation on chip can be estimated from the difference 

(∆t) of the times when the peak temperatures occur at the phonon generator

(��) and the other certain location (��), as: � = (�� − ��) ∆t⁄ . It has the value 

between 1.66 m/s and 3.07 m/s, depending on ��. The values of the speed 

of the heat in our experiment is mostly same as results of the simulation.
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(a)

(b)

Figure 5-3 Increment of GIDL current (∆�����) over time measured by (a) 
step heating method and (b) sinusoidal heating method.
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Figure 5-4 Values of �� estimated by two methods. The slopes mean the 
speed of phonon transport on chip.
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5.3 Measurement of temperature characteristics of phonon 

transport using the GIDL current

In this section, we explain the method to observe the temperature 

characteristic of the phonon transport. 

In the experiment introduced in section 5.2, since the gate voltage of the 

phonon generator is high, the temperature rise on chip is also high. Thus, the 

results in figure 5-4 cannot be said to the speed of the phonon transport at 

300 K.

Therefore, in order to measure accurately the temperature characteristic of the 

phonon transport, it needs to minimize the effects of temperature increase due 

to phonon generation at the phonon generator.

We adopt the small-signal method to generate a few of the phonons on a chip. 

Therefore, the temperature rise effects can be excluded in the measurement of 

temperature characteristics of phonon transport in the chip.
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5.3.1 Small signal method 

The bias condition is also described in figure 5-5. First, the phonon sensor is

likewise GIDL-biased with ���,��� and ���,��� of -3.5 V and 3 V.

Meanwhile, in a phonon generator, a constant drain-source voltage (���,���) 

of 2 V is applied, and a gate is applied with a DC voltage of threshold voltage 

(��), and a sinusoidal voltage of 0.2 V is superposed on the gate. The period 

(���� ∶ 0.05 �s) of the sinusoidal voltage is much longer than the response 

time of the phonon generation. Then, after the same manner as the sinusoidal 

heating method in section 5.2.5, the phonons are emitted with the same 

period and phase as the sinusoidal voltage. Also, it is expected that some 

phonons reach the other phonon sensor with some retardation and increase 

the GIDL current (∆�����) of the phonon sensor. We described the schematics 

of idea in figure 5-6.

In order to measure the retardation time (t������), we adopt the lock-in amp. 

The lock-in amp can measure the phase difference (θ���� ) between the gate 

voltage and the total drain current (�����). The relationship between the phase 

difference and the retardation time is expressed as:

t������ =
�����

��
����                 (5.3.1.1)
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Figure 5-5 Experimental setup. The phonon sensor is GIDL-biased and the 
phonon generator is biased to generate the sinusoidal form of the number of 
the phonons. The lock-in amp detects the amplitude and the phase 
difference between ���,��� and ∆����� .
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Figure 5-6 Progress of gate voltage of phonon generator (���,���), phonon 

intensity in the phonon generator (���������� ), phonon intensity in the 

phonon sensor (������), and GIDL current (�����) in time.
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5.3.2 Results and discussion

By carrying out the above experiment at the different ambient temperatures 

(300, 325, and 350 K), we can derive the temperature characteristics of the 

phonon transport. Figure 5-7 (a) shows the retardation time (t������) of the 

phonon obtained from eq. (5.3.1.1) when each phonon generator operates. As 

expected, it shows that the further phonon generator away from the phonon 

sensor operates, the more t������ is measured. 

At 300 K, it is observed that the heat is transferred with speed of about 5.23

m/s. This value is larger than the values (2.27 m/s from the step pulse 

method and 1.97 m/s from the sinusoidal method) of the result in section 

5.2. The reason is that in the experiments in section 5.2, a high gate voltage is 

applied to the phonon generator to generate a large amount of phonon. Thus,

more scattering of the phonon occurs, which makes the generated phonons to

escapes slowly. On the other hand, when the small signal method is used, the 

phonon-phonon scattering is also small so the higher velocity of the heat 

transport is measured.

Next, it can be seen that the velocity decreases up to 3.94 m/s as the 

temperature increases up to 350 K. It means that the phonons slowly spread 

out from heat source, as the temperature increases. In other words, thermal 
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conductivity is reduced [24]. It is because the number of the background 

phonons on bulk is also increased with the ambient temperature rise so the 

phonon-phonon scattering also increases.

Finally, we plot the measured data of ∆����� in figure 5-7 (b). It shows that 

as the ambient temperature increases, the values of the ∆����� also increase. 

This is because the bandgap decreases with increasing temperature at the 

phonon sensor. The variation of bandgap with temperature can be expressed 

approximately by universal function [25]:

��(�) ≈ ��(0) −
���

���
                (5.3.2.1)

where ��(0), �, and � is 1.529 eV , 5.4 × 10�� eV/K, 204 eV/K for 

silicon. 

The reduction in the bandgap makes the phonon sensor more sensitive. 

Therefore, the larger ∆����� is measured despite of the decrease in the 

phonon emission rate as the temperature increases. Finally, figure 5-7 (b)

shows that the closer to the phonon sensor the phonon generator operates, the 

greater the amount of ∆����� is. It is also because the phonon slowly spread 

out from the phonon generator due to the decrease in the thermal conductivity.
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(a)

(b)

Figure 5-7 (a) Retardation time (t������) measured at each phonon generator. 
These data is obtained from θ���� using eq.(5.3.1.1). (b) Increment of the 

GIDL current (∆�����) measured at each phonon generator.
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Chapter 6

Conclusion

6.1 Summary

In this thesis, we proposed the method to directly detect the phonons 

generated by hot-electron in the chip with the GIDL current. We adopted the 

principle that the phonons reduce the bandgap and consequently increase the 

BTBT rate of the electrons. By designing the 5-transistors scheme and 

adopting the lock-in technique, we showed that the transport of the generated 

phonons at the heat source can be detected by the GIDL current of the

MOSFET. In the scheme, the phonons both under non-equilibrium and near-

equilibrium can be identified. When the phonon generator operates at a 

position farther from the phonon sensor than the order of the phonon mean 

free path, the phonons at the phonon sensor are under the near-equilibrium 

condition. In such a case, the equivalent temperature of the phonon

distribution can be estimated by comparing the increment of the GIDL 

current of the phonon sensor with the temperature characteristic of the GIDL 
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current separately measured in the equilibrium condition (as shown in figure 

2-5 (b)). We explained that our method can also be extended to estimate the 

energy of the phonons even in the non-equilibrium condition where the 

generated phonons do not fully decay into near-equilibrium. By performing 

the same experiment at low temperature, we proved the possibility that the 

GIDL biased MOSFET can detect the phonon in non-equilibrium.

Additionally, we explained that this phonon sensor is able to measure locally

the phonon transport because the GIDL current results from the BTBT 

current in a very small region. Using this advantage, we were able to measure 

the transportation of the heat generated at a MOSFET with two methods, the 

step heating method and the sinusoidal heating method. In the methods, the

speed of the phonon transport on the chip was estimated averagely to about 

2.12 m/s at 300 K. Moreover, for the measurement of the temperature

characteristic of the phonon transport, we adopted the small signal method to 

exclude the effects of the temperature rise due to phonon generation. In the 

measurement, we confirmed the effect of the thermal conductivity on the 

phonon transport.
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6.2 Future work

This dissertation uses the idea that the phonon sensor based on the BTBT is 

able to directly detect the phonon energy under the non-equilibrium condition. 

In the theory, the degree to which one phonon of certain mode (�, �) affects 

the bandgap reduction, ���,����,�� − ��,�.������,���, is proportional to the 

phonon energy ℏ��,�. We have conclude that when the phonon of the energy 

of ∑ ∆��,�ℏ��,��,� reach to the phonon sensor, the bandgap reduction can 

reflect the total phonon energy, as eq.(2.3.7):

∆�� = ��� = � ∫ ∆�(�)ℏ��(�)��
����

�
 �� ∑ ∆��,�ℏ��,��,�

(2.3.7)

Therefore, as the further work, we need to calculate 

���,����,�� − ��,�.������,��� for all modes (�, �) in order to confirm its 

linearity over its energy ℏ��,�, as described in figure 2-4 (c). The method of 

calculation of ��,����,�� can be referred the study about phonon effects on 

the electron energy state [4], [5]. In reference [4], for the calculation of 

��,����,�� , they use a perturbative treatment of the electron–phonon 

interaction in the tight-binding linear combination of atomic orbitals (LCAO) 

approach. However, they just studied the effect of phonon on direct gap {i.e. 

(�, �) = (�, 0) and (�, 0) } for germanium and III-V compound 
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semiconductors not for silicon.

In order to derive the effect of phonon on the indirect bandgap in silicon, the 

following processes would be required. At first, we need to obtain the 

unperturbed periodic potential of �� in eq.(2.3.2) for bulk silicon and 

expand it in a Taylor series around the equilibrium position (�� = 0) in order 

to express the potential energy of � in eq.(2.3.2):

� = �� + ∑
��

���
��� +

�

�
∑

���

�������
��������            (2.3.2)

Next, from the relation between the number of phonon in a mode (�, �), ��,�, 

and the displacement of a lattice, ��, we could obtain the periodic potential 

with phonon of � in eq.(2.3.2) where there are the phonons of ��,�. Finally, 

by adopting the perturbation theory for the second and third term on 

eq.(2.3.2), we can obtain the shift of the energy of the eigenstates at the

conduction band minima of (�, �) = (�, 0.84�) and at the valence band

maxima of (�, �) = (�, 0). Consequently, we could express the contribution 

of the phonon in the each mode (�, �) to the reduction of bandgap and 

confirm its linearity over the energy ℏ��,�.
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초 록

본 논문에서는 MOSFET 동작 중에 고온 전자에 의해 생성된 격자

포논 (phonon)의 이동을 검출하는 방법을 제안한다. 우리는 포논

센서로서 전자의 BTBT (band-to-band tunneling) 전류를 사용하였다. 

이 방법은 평형 상태뿐만 아니라, 비평형 상태에서도 포논 에너지

역시 측정하는 데 유용하다. 본 논문에서는 BTBT 전류가 비평형

상태에서의 포논 에너지도 측정 할 수 있는 기본 원리를 설명한다. 

위 아이디어의 실험적 증명을 위해서 MOSFET 의 GIDL (게이트

유도 드레인 누설) 전류를 포논 센서로 사용하여 근처의 MOSFET 

(포논 생성기)에서 고온 전자 산란에 의해 생성되어 전파되는 포논

에너지를 측정하는 실험을 하였다. 위 실험을 위해 우리는 하나의

포논 센서용 트랜지스터와 다른 4 개의 포논 생성기용

트랜지스터로 구성된 5 트랜지스터 칩을 설계 하였다. 또한, 이

실험에서 우리는 포논 생성기에서 전송된 포논에 의해 증가하는

포논 센서의 GIDL 전류를 측정하기 위해 lock-in 기술을

사용하였다. 먼저, 상온에서의 실험에서는 서로 다른 거리와 다른

게이트 바이어스 조건에서 각 포논 생성기를 작동시키며, 센서에
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도달하는 포논은 거의 평형에 있다는 가정에 근거하여 GIDL 

전류의 변화로부터 등가 격자 온도를 추정하였다. 또한, 저온에서

동일한 실험을 수행함으로써, 비평형상태에 있는 포논들의 에너지

역시 BTBT 전류를 이용한 포논 센서로 측정할 수 있음을 보여준다.

이 포논 센서의 또 다른 장점은 GIDL 전류가 MOSFET 의 게이트와

드레인의 매우 작은 중첩 영역 (약 10 nm)에서 발생하는 전자의

BTBT 로 인한 전류이기 때문에 공간적으로 높은 분해능을 가지고

있다는 것이다. 따라서, 매우 작은 영역에서 포논의 변화를 관찰할

수 있다. 본 논문은 이러한 장점을 이용하여 MOSFET 에서 생성된

포논의 전달의 속도를 측정할 수 있음을 보여준다. 끝으로, 포논의

전달 특성을 관찰하므로 온도에 따른 열 전도도의 변화 역시 확인

하였다.

주요어 : 포논, 게이트 유도 드레인 누설 전류, 밴드 투 밴드

터널링, n-MOSFET, 격자 온도, 전자 온도, 고온 전자.

학번 : 2013-20830
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