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DESCRIPTION
MICROCONTROLLER

TECHNICAL FIELD
[0001]

The present invention relates to objects, methods, manufacturing methods,
processes, machines, manufacture, or compositions of matter. In particular, the present
invention relates to, for example, semiconductor devices, display devices, light-emitting
devices, power storage devices, driving methods thereof, or manufacturing methods
thereof. In particular, the present invention relates to microcontrollers, for example.
Note that the term “microcontroller” means one kind of semiconductor devices and is
referred to as “microcontroller unit”, “MCU”, “nC”, and the like.

[0002]

Note that a semiconductor device in this specification means all devices that
can function by utilizing semiconductor characteristics, and all of electronic optical
devices, semiconductor circuits, and electronic devices fall within the category of the

semiconductor device.

BACKGROUND ART
[0003]

With the development of a technique for miniaturizing a semiconductor device,
the degree of integration of a microcontroller has been increased year by year.
Accordingly, the leakage current of a variety of semiconductor elements (e.g., a
. transistor and the like) provided inside thé microcontroller has been increased, which
has resulted in a lafge increase in power consumption of the microcontroller. Thus,
one of important issues in recent years is to reduce power consumption of a
microcontroller.

[0004] ‘

As one of methods for reducing power consumption of a microcontroller, there

is a technique in which a circuit block unnecessary for operation of the microcontroller,

of circuit blocks in the microcontroller, is shifted to a low power consumption mode
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(see Patent Document 1).
[Reference]

[0005]
[Patent Document 1] Japanese Published Patent Application No. H10-301659

DISCLOSURE OF INVENTION
[0006]

In a circuit block in which power supply is stopped, at the very moment of
power supply stop, logics of all nodes in the integrated circuit are volatilized; therefore,
timing of stopping the power supply is limited to timing after the complete finish of
running processing.

[0007]

In view of the above, an object of one embodiment of the present invention is
to provide a microcontroller of which power consumption is reduced by stopping power
supply to a circuit unnecessary for operation. Alternatively, another object of one
embodiment of the present invention is to provide a semiconductor device of which
operation mode can be switched suitably. Another object of one embodiment of the
present invention is to provide a semiconductor device of which operation mode can be
switched rapidly. Another object of one embodiment of the present invention is to
provide a semiconductor device in which timing for power supply stop can be
controlled suitably. Another object of one embodiment of the present invention is to
provide a semiconductor device with high response speed. Another object of one
embodiment of the present invention is to provide a semiconductor device from which
data can be read out accurately. Another object of one embodiment of the present
invention is to provide a semiconductor device using a transparent semiconductor layer.
Another object of one embodiment of the present invention is to provide a
semiconductor device using a highly reliable semiconductor layer. Another object of
one embodiment of the present invention is to provide a novel semiconductor device.
Note that the descriptions of these objects do not disturb the existence of the other
objects. Note that one embodiment of the present invention does not necessarily
achieve all the objects describe above. Other objects will be apparent from and can be

derived from the description of the specification, the drawings, the claims, and the like.
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[0008]

One embodiment of the invention disclosed in this application is a
microcontroller including: a terminal to which a power supply potential is inputted; a
CPU; a nonvolatile memory; a first peripheral circuit that measures time and outputs a
first interrupt signal; a second peripheral circuit that acts as an interface with an external
device and outputs a second interrupt signal; a third peripheral circuit that is a circuit for
processing an analog signal inputted externally and outputs a third interrupt signal; an
interrupt controller that judges priorities of the first to third interrupt signals and outputs
a fourth interrupt signal, first to fifth registers for the first to third peripheral circuits, the
CPU, and the interrupt controller; a power gate that subplies the power supply potential
to the first to third peripheral circuits and stops the supply of the power supply potential
to the first to third peripheral circuits, the CPU, the memory, the interrupt controller, and
the first, the fourth, and the fifth registers; a controller that controls the power gate; and
a sixth register for the controller,

[0009]

An operation mode of the microcontroller includes at least first to third
operation modes. The first operation mode is a mode where all circuits included in the
microcontroller are made active; the second operation mode is a mode where the
controller, the first peripheral circuit, and the first, the second, and the sixth registers are
made active but the other circuits are made non-active; and the third operation mode is a
mode where the controller and the sixth register are made active but the other circuits
are made non-active. Under an instruction of the CPU, a shift from the first operation
mode to the second or the third operation mode is started. By inputting the first
interrupt signal to the controller, a shift from the second operation mode to the first
operation mode is started. By inputting an external interrupt signal to the controller, a
shift from the third operation mode to the first operation mode is started.

[0010]

The first, the fourth, and the fifth registers each include a volatile memory and
a nonvolatile memory, and in a case where power supply is stopped by the power gate,
data in the volatile memory is backed up in the nonvolatile memory before the power
supply is stopped, and in a case where power supply is started again by the power gate,

the data backed up in the nonvolatile memory is written into the volatile memory.
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[0011]

Like the first register or the like, for example, the third register also can include
a volatile memory and a nonvolatile memory. In a case where power supply is stopped
by the power gate, data in the volatile memory is backed up in the nonvolatile memory
before the power supply is stopped, and in a case where power supply is started again
by the power gate, the data backed up in the nonvolatile memory is written into the
volatile memory.

[0012]

In the microcontroller, a memory cell in the memory may include a' transistor
formed using an oxide semiconductor layer and a transistor formed using silicon.
Further, the nonvolatile memory may include a transistor formed using an oxide
semiconductor layer and a transistor formed using silicon.

[0013]

In accordance with one embodiment of the present invention, power supply can
be stopped to circuits unnecessary for operation of the microcontroller; therefore, lower
power consumption of the microcontroller can be achieved.

[0014]

In addition, a register to which no power is supplied in a low power
consumption mode includes a nonvolatile memory, which leads to an increase of
flexibility in timing of power supply stop. Therefore, the microcontroller that can

return rapidly to the state before power supply stop can be provided.

BRIEF DESCRIPTION OF DRAWINGS

[0015]

In the accompanying drawings:

FIG. 1 is a block diagram illustrating an example of a microcontroller
configuration;

FIG. 2 is a diagram of an example of a layout in the microcontroller;
FIG. 3 is a flow chart of an example of processing at the time of power supply;
FIG. 4 is a flow chart of an example of a shift from Active mode to

Noff1/Noff2 modes;
FIG. § is a flow chart of an example of a shift from Noffl/Noff2 modes to
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Active mode;

FIG. 6 is a circuit diagram illustrating an example of a register configuration;

FIG. 7 is a circuit diagram illustrating an example of a RAM memory cell
configuration;

FIG. 8 is a cross-sectional view illustrating an example of a microcontroller
structure;

FIG. 9 is a block diagram illustrating an example of a microprocessor
configuration;

FIG. 10 is an optical micrograph of the microcontroller;

FIG. 11 is a signal waveform diagram of input-output terminals of the
microcontroller, which is measured for operation verification of a register in a CPU;

FIGS. 12A and 12B are enlarged views of the signal waveform diagram in FIG.
11, which are signal waveform diagrams during operation in Active mode;

FIG. 13 is a block diagram illustrating an example of a microcontrolier
configuration;

FIG. 14 is a circuit diagram illustrating an example of a register configuration;

FIG. 15 is a timing chart of an operation example of a register;

FIGS. 16A and 16B are diagrams illustrating sample programs used for
evaluation of power consumption, FIG. 16A shows Driving 1 performed by a centralized
backup method and FIG. 16B shows Driving 2 performed by a distributed backup
method,;

FIG. 17 is a graph showing evaluation results of power consumption by Driving
1 and Driving 2;

FIG. 18 is a graph showing measurement results of power consumption with
respect to a main processing period in Driving 1 and Driving 2 and the approximate
straight lines (dotted lines);

FIGS. 19A and FIG. 19B are sequence diagrams from the restart of power
supply to the start of main processing (FIG. 19A shows Driving 1 and Fig. 19B shows
Driving 2);

FIG. 20 is a block diagram illustrating a microcontroller configuration;

FIG. 21 is a circuit diagram illustrating an example of a register configuration;

FIG. 22 is a timing chart of an operation example of the register;
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FIG. 23 is a state transition diagram of a PMU;

FIG. 24 is a diagram showing an operation waveform of power gating;

FIGS. 25A is a graph showing a correlation between an average power supply
current and a repetition time, and FIGS. 25B and 25C are diagrams illustrating the
repetition time;

FIG. 26 is a photograph of a chip including a microcontroller;

FIG. 27 is a layout diagram of an FF2; and

FIG. 28 is a graph showing. Vg-Ip characteristics of an

experimentally-fabricated FET.

BEST MODE FOR CARRYING OUT THE INVENTION
[0016] |

Hereinafter, embodiments of the present invention will be described in detail
with reference to the accompanying drawings. However, the present invention is not
limited to the description below and it is easily understood by those skilled in the art
that the mode and details can be changed variously. In addition, the present invention |
should not be interpreted as being limited to description in the embodiments below.
[0017]

Note that in the drawings used for the description of the embodiments and the
examples of the present invention, the same portions or portions having a similar
function are denoted by the same reference numerals, and the repeated description
thereof is omitted in some cases.

[0018]
(Embodiment 1)

A configuration and operation of a microcontroller will be described with
reference to FIG. 1. FIG. 1 is a block diagram of a microcontroller 100.

[0019]

The microcontroller 100 includes a central processing unit (CPU) 110, a bus
bridge 111, a random access memory (RAM) 112, a memory interface 113, a controller
120, an interrupt controller 121, an input/output interface (I/O interface) 122, and a

power gate unit 130.
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[0020]

The microcontroller 100 further includes a crystal oscillation circuit 141, a
timer circuit 145, an 1/O interface 146, an /O port 150, a comparator 151, an [/O
interface 152, a bus line 161, a bus line 162, a bus line 163, and a data bus line 164.
Further, the microcontroller 100 includes at least connection terminals 170 to 176 as
connection parts with external devices. Note that the connection terminals 170 to 176
each represent one terminal or a terminal group including plural terminals.

[0021]

FIG. 2 is a layout example of circuit blocks included in the microcontroller 100.
[n the layout in FIG. 2, the reference numerals used for some of the circuit blocks in FIG.
1 are written.

[0022]

In the layout in FIG. 2, as transistors included in each circuit, a transistor
formed using a silicon substrate and a transistor formed using an oxide semiconductor
layer are given. In the layout in FIG. 2, the process technology of the transistor formed

using silicon is 0.35 pm and the process technology of the transistor formed using an

oxide semiconductor layer is 0.8 pum.
[0023] |

The CPU 110 includes a register 185, and is connected to the bus lines 161 to
163 and the data bus line 164 via the bus bridge 111.

[0024]

The RAM 112 is a memory serving as a main memory of the CPU 110 and is a
nonvolatile random access memory. The RAM 112 is a device that stores an
instruction to be executed by the CPU 110, data necessary for execution of the
instruction, and data processed by the CPU 110. Under the instruction by the CPU 110,
data is written into and read out from the RAM 112.

[0025]
In the microcontroller 100, power supply to the RAM 112 is stopped in a low

power consumption mode. Thus, the RAM 112 is made up of a nonvolatile memory

that.can store data when no power is supplied.

PCT/JP2013/073239
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[0026]

The memory interface 113 is an input-output interface with an external memory.
Under the instruction to be executed by the CPU 110, data is written into and read out
from the external memory connected to the connection terminal 176 via the memory
interface 113.

[0027]

A clock generation circuit 115 is a circuit that generates a clock signal MCLK
(hereinafter, referred to as MCLK) to be used in the CPU 110, and includes an RC
oscillator and the like. MCLK is also inputted into the controller 120 and the interrupt
controller 121.

[0028]

The controller 120 is a circuit that controls the whole microcontroller 100, for
example, controls the power of the microcontroller 100, and controls the clock
generation circuit 115, and the crystal oscillation circuit 141, and the like. In addition,
the controller 120 also controls the power gate unit 130 described later. Into the
controller 120 is inputted an external interrupt signal INT1 via the connection terminal
170. The connection terminal 170 is an input terminal of an external interrupt signal.
Further, into the controller 120 are inputted interrupt signals (TOIRQ, POIRQ, COIRQ)
from the peripheral circuits (145, 150, 151), without going through the buses (161 to
164).

[0029]

The interrupt controller 121 is connected to the bus line 161 and the data bus
line 164 via the I/O interface 122. The interrupt controller 121 has a function of
setting priorities to interrupt requests. Into the interrupt controller 121 are inputted an
external interrupt signal INT1 and interrupt signals (TOIRQ, POIRQ, and COIRQ) from
the peripheral circuits (145, 150, and 151). . When the interrupt controller 121 detects
the interrupt signal, the interrupt controller 121 determines if the interrupt request is
valid or not. If the interrupt request is valid, the interrupt controller 121 outputs an
internal interrupt signal INT2 into the controller 120.

[0030]
When the controller 120 receives the external interrupt signal INTI, the

controller 120 outputs the internal interrupt signal INT2 into the CPU 110 so that the
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CPU 110 executes interrupt processing.
[0031]

The register 180 for the controller 120 is formed in the controller 120 and the
register 186 for the interrupt controller 121 is formed in the 1/O interface 122.

[0032]

Peripheral circuits of the microcontroller 100 will be described below. The
CPU 110 has the timer circuit 145, the /O port 150, and the comparator 151 as the
peripheral circuits. The circuits are examples of the peripheral circuits, and a circuit
needed for an electronic device using the microcontroller 100 can be provided as
appropriate.

[0033]

The timer circuit 145 has a function of measuring time in response to a clock
signal TCLK (hereinafter, referred to as TCLK). In addition, the timer circuit 145 has
a function of outputting the interrupt signal TOIRQ into terminals for requesting
interrupt of the controller 120 and the interrupt controller 121 at a set time interval.
The timer circuit 145 is connected to the bus line 161 and the data bus line 164 via the
1/0 interface 146.

[0034]

In addition, the TCLK used in the timer circuit 145 is generated by a clock
generation circuit 140. TCLK is a clock signal of which frequency is lower than that
of MCLK. For example, the frequency of MCLK is about several megahertz (MHz)
(e.g., 8 MHz) and the frequency of TCLK is about several tens of kilohertz (kHz) (e.g.,
32 kHz). The clock generation circuit 140 includes the crystal oscillation circuit 141
incorporated in the microcontroller 100 and an oscillator 142 connected to the
connection terminals 172 and 173. The oscillation unit of the oscillator 142 is a quartz
crystal unit 143. In addition, the clock generation circuit 140 is made up of a CR
oscillator and the like, and thereby, all modules in the clock generation circuit 140 can
be incorporated in the microcontroller 100.

[0035]

The I/0 port 150 is an interface for connecting an external device to the

connection terminal 174 in a state where information can be input and output, and an

input/output interface for a digital signal. The I/O port 150 outputs interrupt signals
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POIRQ to the terminals for requesting interrupt of the controller 120 and the interrupt
controller 121 in response to an inputted digital signal.

[0036] X
The comparator 151 is a peripheral circuit that processes an analog signal
inputted from the connection terminal 175. The comparator 151 compares a potential
(or current) of the analog signal inputted from the connection terminal 175 with a
potential (or current) of a reference signal and generates a digital signal of which the
level is 0 or 1. Further, the comparator 151 generates an interrupt signal COIRQ when
the level of the digital signal is 1. The interrupt signals COIRQ are outputted to the
terminals for requesting interrupt of the controller 120 and the interrupt controller 121.
[0037]

The I/0 port 150 and the comparator 151 are connected to the bus line 161 and
the data bus line 164 via the I/O interface 152 common to the both. Here, one I/O
interface 152 is used because the I/O interfaces of the I/O port 150 and the comparator
151 can share a circuit; however, the 1/O port 150 and the comparator 151 can have an
I/O interface different from each other.

[0038]

In addition, a register of each peripheral circuit is placed in the input/output
interface corresponding to the peripheral circuit. A register 187 of the timer circuit
145 is placed in the I/O interface 146, and a register 183 of the 1/O port 150 and a
register 184 of the comparator 151 are placed in the I/O interface 152.

[0039]

The microcontroller 100 includes the power gate unit 130 that can stop power
supply to the internal circuits. Power is supplied to a circuit necessary for operation by
the power gate unit 130, so that power consumption of the whole microcontroller 100
can be lowered. |
[0040]

As illustrated in FIG. 1, the circuits included in the units 101 to 104 surrounded
by the dashed lines in the microcontroller 100 are connected to the connection terminal
171 via the power gate unit 130. The connection terminal 171 is a power supply

terminal for supplying a high power supply potential VDD (hereinafter, referred to as
VDD).

PCT/JP2013/073239
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[0041]

The power gate unit 130 is controlled by the controller 120. The power gate
unit 130 includes switch circuits 131 and 132 for blocking supply of VDD to the units
101 to 104. ON/OFF of the switch circuits 131 and 132 is controlled by the controller
120. Specifically, the controller 120 outputs a control signal of the switch circuits 131
and 132 to the power'gate unit 130 by using a request of the CPU 110, the external
interrupt signal INT1, and the interrupt signal TOIRQ from the timer circuit 145 as a
trigger.

[0042]

~ In FIG. 1, the power gate unit 130 includes two switch circuits 131 and 132;
however, the number of switch circuits can be set as needed for power supply stop. In
this embodiment, the switch circuits can be provided so that power can be supplied to
the timer circuit 145 and I/O interface 146 (unit 101) independently from other circuits.
[0043]

FIG. I illustrates a state where power supply to the units 102 to 104 is stopped
by the common switch circuit 132, but there is no limitation on the power supply path.
For example, power supply to the RAM 112 can be controlled by another switch circuit,
which is different from the switch circuit 132 for the CPU 110. Further, a plurality of
switch circuits can be provided for one circuit.

[0044]

In addition, VDD is constantly supplied from the connection terminal 171 to
the controller 120 without going through the power gate unit 130. In order to reduce
noise, a power supply potential from an external power supply circuit, which is different
from the power supply circuit for VDD, is given to each of the oscillation circuit of the
clock generation circuit 115 and the crystal oscillation circuit 141.

[0045]

By provision of the controller 120, the power gate unit 130, and the like, the
microcontroller 100 can operate in three kinds of operation modes. The first operation
mode is a normal operation mode where all circuits included in the microcontroller 100
are active. This mode is referred to as “Active mode”. ’

[0046]

The second and third operation modes are low power consumption modes
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where some of the circuits are active. In one of the low power consumption modes,
the controller 120, the timer circuit 145, and circuits (the crystal oscillation circuit 141
and the I/0O interface 146) associated thereto are active. In the other of the low power
consumption modes, the controller 120 alone is active. Here, the former low power
consumption mode is referred to as “Noffl mode” and the latter low power
consumption mode is referred to as “Noff2 mode”.
[0047]

Table 1 below shows a relation between each mode and active circuits. In
Table 1, ON is given to circuits that are active. As shown in Table 1, the controller 120
and some of the peripheral circuits (circuits necessary for timer operation) alone operate

in Noffl mode and the controller 120 alone operates in Noff2 mode.

[0048]
[Table 1]
Active Noffl Noff2

CPU 110 ON - -
Bus bridge 111 ON - -
RAM 112 ‘ ON - -
Memory interface 113 ON - -
Clock generation circuit 115 ON - -
Crystal oscillation circuit 141 ON ON -
Controller 120 ON ON ON
Interrupt controller 121 ON - -
/O interface 122 ON - -
Timer circuit 145 ON ON -
[/O interface 146 ON ON -
I/O port 150 ON - -
Comparator 151 ON - -
/0 interface 152 ON - -

[0049]

Note that power is constantly supplied to the oscillator of the clock generation
circuit 115 and the crystal oscillation circuit 141 regardless of the operation modes. In

order to bring the clock generation circuit 115 and the crystal oscillation circuit 141 into

PCT/JP2013/073239
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non-active modes, an enable signal is inputted from the controller 120 or an external
circuit to stop oscillation of the clock generation circuit 115 and the crystal oscillation
circuit 141,

[0050]

In addition, in Noffl and Noff2 modes, power supply is stopped by the power
gate unit 130, so that the I/O port 150 and the I/O interface 152 are non-active, but
power is supplied to parts of the I/O port 150 and the 1/O interface 152 in order to allow
the external device connected to the connection terminal 174 to operate normally.
Specifically, power is supplied to an output buffer of the I/O port 150 and the register
186 of the I/O port 150. In the Noffl and Noff2 modes, actual functions of the 1/0
port 150, that is, functions of data transmission between the 1/O interface 152 and the
external device and generation of an interrupt signal, are stopped. In addition, a
communication function of the I/O interface 152 is also stopped similarly.

[0051]

Note that in this specification, the phrase “a circuit is non-active” includes a
state where major functions in Active mode (normal operation mode) are stopped and an
operation state with power consumption lower than that of Active mode, as well as a
state that a circuit is stopped by power supply stop.

[0052]

Further, in order that the microcontroller 100 can return from the Noffl or
Noff2 mode to Active mode more rapidly, the registers 185 to 187 each have a backup
storage portion for saving data at the time of power supply stop. In other words, the
registers 185 to 187 each includes a volatile data storage portion (volatile memory) and
a nonvolatile data storage portion (nonvolatile memory). In Active mode, by accessing
the volatile memories of the registers 185 to 187, data is written and read out.

[0053]

On the other hand, because data stored in the register 184 of the comparator
151 is not required to be stored at the time of power supply stop, the register 184
includes no nonvolatile memories. In addition, as described above, in Noffl and Noff2
modes, the I/O port 150 acts as an output buffer and the register 183 also operates, and

thus the register 183 includes no nonvolatile memories.
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[0054]

In the shift from Active mode to Noffl or Noff2 mode, prior to power supply
stop, data stored in the volatile memories of the registers 185 to 187 are written into the
nonvolatile memories, so that data in the volatile memories are reset to initial values.
Then, power supply is stopped.

[0055]

In the return from Noffl or Noff2 mode to Active mode, when power is
supplied again to the registers 185 to 187, data in the volatile memories are reset to
initial values. Then, data in the nonvolatile memories are written into the volatile
memories.

[0056]

Accordingly, even in the low power consumption mode, data necessary for
processing of the microcontroller 100 are stored in the registers 185 to 187, and thus,
the microcontroller 100 can be returned instantly from the low power consumption
mode to Active mode.

[0057]

The switching of operation modes is controlled by the CPU 110 and the
controller 120. The switching of operation modes will be described with reference to
FIG. 3, FIG. 4, and FIG. 5.

[0058]

FIG. 3 is a flow chart showing processing by the controller 120 when power is
supplied to the microcontroller 100. First, power is supplied to some circuits of the
microcontroller 100 from an external power supply (Steps 309 and 310). In Step 309,
VDD is supplied to only a control portion of the power gate unit 130 in the controller
120. In addition, power is also supplied to an oscillator of the clock generation circuit
115 and the crystal oscillation circuit 141. In the controller 120, the control portion of
the power gate unit 130 is initialized (Step 302).

[0059]

The controller 120 outputs an enable signal for starting oscillation to the clock
generation circuit 115 and the crystal oscillation circuit 141 (Step 303). In addition,
the controller 120 outputs a control signal to the power gate unit 130, so that all switch

circuits (131 and 132) in the controller 120 are turned on (Step 304). In Step 303,
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MCLK is generated by the clock generation circuit 115, and TCLK is generated by the
clock generation circuit 140. In addition, in Step 304, VDD is supplied to all circuits
connected to the connection terminal 171. Then, inputting MCLK into the controlier
120 is started so that all the circuits in the controller 120 are active (Step 305).

[0060]

The controller 120 cancels reset of each circuit in the microcontroller 100 (Step
306), so that inputting MCLK into the CPU 110 is started (Step 307). By inputting
MCLK, the CPU 110 starts to operate and thus the microcontroller 100 operates in
Active mode (Step 308).

[0061]

The shift from Active mode to the power consumption mode (Noffl or Noff 2
mode) is determined by execution of a program by the CPU 110. The CPU 110 writes
a request for shifting the operation mode to the low power consumption mode in an
address for requesting the low power consumption mode in the register 180 of the
controller 120 (hereinafter, the address is referred to as Noff TRIG). In addition, the
CPU 110 writes data for shifting the operation mode to either Noffl mode or Noff2
mode in a predetermined address of the register 180 (hereinafter, the address is referred
to as Noff MODE).

[0062]

The controller 120 starts to shift the operation mode to Noffl mode or Noff2
mode by using data written in Noff TRIG of the register 180 as a trigger.
[0063]

In the register 180, the data storage portion for a shift of the operation mode
includes a volatile memory alone. Accordingly, by power supply stop, Noff TRIG
and Noff MODE are initialized. Here, the initial value of Noff MODE is Active
mode. By setting in this manner, the operation mode can be returned from the low
power consumption mode to Active mode, even when the CPU 110 does not operate and
data is not written into Noff TRIG.

[0064]

FIG. 4 is a flow chart showing the shift from Active mode to Noffl or Noff2

mode. In Acfive mode, by detection of writing data in Noff TRIG of the register 180

PCT/JP2013/073239
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(Steps 320 and 321), the controller 120 determines an operation mode to be shifted from
Active mode, depending on a value of Noff MODE (Step 322). Here, in processing in
FIG. 4, an example of the shift to Noff] mode is described; however, the same can be
applied to the shift to Noff2 mode.

[0065]

The controller 120 outputs a control signal for requesting saving data to the
registers 185 and 186 to which no power is supplied (Step 323) in Noffl mode. When
the registers 185 and 186 receive a control signal from the controller 120, data of the
volatile memories are saved (backed up) in the nonvolatile memories.

[0066]

Next, the controller 120 outputs a control sighal for resetting a circuit to which
no power is supplied in Noffl mode (Step 324), and stops supply of MCLK to the CPU
110 (Step 325). The controller 120 outputs a control signal to the power gate unit 130,
so that the switch circuit 132 is turned off (Step 326). In Step 326, power supply to the
units 102 to 104 is stopped. Then, the controller 120 outputs an enable signal for
stopping oscillation to the clock generation circuit 115 (Step 327). Through these
steps, the operation mode is shifted to Noffl mode (Step 328).

[0067]

When the shift to Noff2 mode is determined in Step 322, data is backed up also
in the register 187 for the timer circuit 145 in Step 323. In Step 326, the switch circuit
131 is also turned off. In Step 327, the enable signal for stopping oscillation is
outputted to the crystal oscillation circuit 141 too.

[0068]

The shift from Noffl or Noff2 mode to Active mode is triggered by an interrupt
signal received by the controller 120. In Noffl mode, an external interrupt signal
INTI or an interrupt signal TOIRQ from the timer circuit 145 serves as a trigger, and in
Noff2 mode, and an external interrupt signal INT1 serves as a trigger.

[0069]

FIG. 5 is a flow chart showing a return process from Noffl or Noff2 mode to

Active mode. Here, a case where the operation mode is returned from Noffl mode to

Active mode is described and the same can be applied to Noff2 mode too.
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[0070]

In Noffl or Noff2 mode, when the controller 120 detects an interrupt signal and
the controller 120 outputs an enable signal to the oscillator of the clock generation
circuit 115 to restart oscillation, so that MCLK is outputted from the clock generation
circuit 115 to the controller 120 (Steps 350 to 353).

[0071]

The controller 120 determines an operation mode to be shifted, depending on a
value of Noff MODE in the register 180 (Step 354). In Noffl or Noff2 mode, data in
Noff_MODE is reset to an initial value, and thus Active mode is selected.

[0072]

The controller 120 controls the power gate unit 130 to turn on the switch circuit
132 (Step 355). Then, the controller 120 cancels reset of the units 102 to 104 for
which power supply is started again (Step 356), and supply of MCLK to the CPU 110 is
started again (Step 357). Then, control signals are outputted to the registers 185 and
186 and data backed up in the nonvolatile memories are written back into the volatile
memories (Step 358). Through these steps, the microcontroller 100 returns to Active
mode (Step 359).

[0073]

As described above, in Noffl mode, the controller 120 enables the
microcontroller 100 to return to Active mode in response to the interrupt signal TOIRQ
from the timer circuit 145. Accordingly, by the timer function of the timer circuit 145,
the microcontroller 100 can operate intermittently. In other words, the interrupt signal
TOIRQ is outputted at regular intervals, so that the operation mode can be returned from
Noffl mode to Active mode regularly. In Active mode, when the controller 120 judges
that processing in the microcontroller 100 finishes, the controller 120 executes the
above-described control processing to bring the microcontroller 100 into Noff1 mode.
[0074]

The microcontroller 100 should be in Active mode so that the CPU 110 can
operate and process signals inputted from the connection terminals 174 and 175, but the
time needed for the arithmetic processing of the CPU 110 is extremely short.

Accordingly, in accordance with this embodiment, the microcontroller 100 can operate
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in the low power consumption mode (Noff]l mode), except for the period in which an
external signal is processed.
[0075]

Therefore, the microcontroller 100 is very suitable for devices that operate by
intermittent control, such as a sensing device and a monitoring device. For example,
the microcontroller 100 is suitable for control devices of fire alarms, smoke detectors,
rﬁanagement units of secondary batteries, and the like. In particular, devices having
batteries as power sources have a problem of power consumption due to long time
operation.  However, because in most part of the operation period of the
microcontroller 100, only circuits needed for allowing the microcontroller 100 to return
to Active mode operate, the power consumption during operation can be lowered.
[0076]

Accordingly, in accordance with this embodiment, it is possible to provide the
microcontroller that can operate with low power consumption by employing the low
power consumption mode and can return to the normal operation mode rapidly from the
low power consumption mode.

[0077]

Further, necessary data can be backed up in nonvolatile memories of registers
before power supply is stopped and thus, processing for power supply stop can be
started before the finish of CPU processing, which leads to an increase of flexibility in
timing for power supply stop.

[0078]
This embodiment can be combined with another embodiment as appropriate.
[0079]
(Embodiment 2)
' A register including both a nonvolatile memory and a volatile memory will be
described with reference to FIG. 6.
[0080]

FIG. 6 is a circuit diagram of a register including both a nonvolatile memory
and a volatile memory. FIG. 6 illustrates a register 200 having a one-bit memory
capacity. The register 200 includes memory circuits 201 and 202. The memory

circuit 201 is a one-bit volatile memory, while the memory circuit 202 is a one -bit
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nonvolatile memory. Note that the register 200 can include another component such as
a diode, a resistor, or an inductor.
{0081]

To the memory circuit 201 is given a low power supply potential VSS
(hereinafter, referred to as VSS) and a high power supply potential VDD (hereinafter,
referred to as VDD) as power supply potentials. The memory circuit 201 can store
data during a period in which a potential difference between VDD and VSS is supplied
as a power supply potential.

[0082]
The memory circuit 202 includes a transistor 203, a transistor 204, a capacitor
- 205, a transmission gate 206, a transistor 207, and an inverter 209.
[0083]

A potential based on data of the memory circuit 201 is inputted into the
memory circuit 202 through the transmission gate 206. The transistor 203 controls
supply of the potential to a node FN. Further, the transistor 203 controls supply of a
potential V1 to the node FN. In FIG. 6, ON/OFF of the transistor 203 is controlled by
a signal WE1. Note that the potential V1 may be equal to VSS or VDD.

[0084]

The node FN is a data storage portion in the memory circuit 202. The
potential of the node FN is stored by the transistor 203 and the capacitor 205. Based
on the potential of the node FN, ON/OFF of the transistor 204 is controlled. When the
transistor 204 is turned on, the potential V1 is supplied to the memory circuit 201
through the transistor 204.

{0085]

In response to a signal WE2, ON/OFF of the transmission gate 206 is
controlled. To the transmission gate 206 are inputted a signal having an inverted
polarity of the signal WE2 and a signal having the same polarity as the signal WE2.
Here, the transmission gate 206 is turned off when the potential of the signal WE2 is at
a high level and is turned on when it is at a low level.

[0086]

In response to the signal WE2, ON/OFF of the transistor 207 is controlled.

Here, the transistor 207 is turned on when the potential of the signal WE2 is at a high



10

20

25

30

WO 2014/034820 PCT/JP2013/073239

20

level, and the transistor 207 is turned off when the signal WE2 is at a low level. Note
that instead of the transistor 207, another switch, such as a transmission gate, having a
form different from the transistor 207 can be used.

[0087]

In order to enhance the charge retention characteristics of the memory circuit
202, an oft-state current of the transistor 203 is preferably as small as possible. This is
because when an off-state current of the transistor 203 is small, the amount of charge
leaked from the node FN can be reduced. As a transistor which allows leakage current
to be lower than a transistor formed of single crystal silicon, a transistor formed using a
thin film of oxide semiconductor which has a bandgap wider than silicon and an
intrinsic carrier density lower than silicon is given.

[0088]

Among oxide semiconductors, in particular, a highly purified oxide
semiconductor (purified OS) obtained by reduction of impurities such as moisture or
hydrogen serving as an electron donor (donor) and by reduction of oxygen vacancies is
an intrinsic (i-type) semiconductor or a substantially i-type semiconductor. For this
reason, a transistor having a channel formation region in a highly purified oxide
semiconductor layer has an extremely small amount of off-state current and high
reliability, and thus is suitable for the transistor 203.

[0089]

Next, an example of operation of the register 200 will be described.
[0090]

For the shift from Active mode to the low power consumption mode, data is
backed up in the memory circuit 202 from the memory circuit 201. In order to reset
the memory circuit 202 before backup of data, the transmission gate 206 is turned off,
the transistor 207 is turned on, and the transistor 203 is turned on, so that the potential
V1 is supplied to the node FN. In this manner, the potential of the node FN is set to an
initial state.

[0091]

Then, data is backed up from the memory circuit 201 into memory circuit 202.

By turning on the transmission gate 206, turning off the transistor 207, and turning on

the transistor 203, a potential reflecting the amount of charge stored in the memory
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circuit 201 is given to the node FN. In other wérds, data of the memory circuit 201 is
written into the memory circuit 202.  After writing data, the transistor 203 is turned off
so that the potential of the node FN is stored. In this manner, data of the memory
circuit 201 is stored in the memory circuit 202.

[0092]

Then, power supply to the register 200 is stopped. In order to stop the power
supply, VSS is given to a node to which VDD is given, by fhe power gate unit 130.
Because the transistor 203 has extremely low off-state current, even when no VDD is
supplied to the register 200, charge stored in the capacitor 205 or the gate capacitor of
the transistor 204 can be stored for a long period. Thus, the memory circuit 202 can
store data even during a period in which power supply is stopped.

[0093]

For the return from the low power consumption mode to Active mode, supply
VDD to the register 200 is restarted. Then, the memory circuit 201 is reset to an initial
state. This step is made by giving VSS to the node storing the charge of the memory
circuit 201.

[0094]

Then, data stored in the memory circuit 202 is written into the memory circuit
201. When the transistor 204 is turned on, the potential V1 is given to the memory
circuit 201. Since the memory circuit 201 receives the potential V1, a potential VDD
is given to the node storing data. When the transistor 204 is turned off, the potential of
the node storing data in the memory circuit 201 remains initial. Through the operation,
data of the memory circuit 202 is stored in the memory circuit 201.

[0095]

By using the register 200 for the registers to which power is not supplied, in the
microcontroller 100 in a low power consumption mode, data can be backed up in a short
period during processing by the microcontroller 100. Further, after power supply is
restarted, the operation mode can be returned to a state before power supply stop in a
short period. Thus, in the microcontroller 100, the power supply can be stopped even
for a period as long as 60 seconds or as short as several milliseconds. As a result, the

microcontroller 100 that consumes less power can be provided.
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[0096]

In the register 200, in accordance with the potential stored in the node FN in
the memory circuit 202, the operation state (ON or OFF) of the transistor 204 is selected,
so that data of O or 1 is read out based on the selected operation mode. Thus, the
original data can be accurately read even when the amount of charge stored in the node
FN fluctuates to some degree during the power supply stop.

[0097]

In addition, VDD or VSS is supplied to the node FN in the memory circuit 202,
based on the amount of charge stored in the memory circuit 201. In a case where the
potential of the node FN when the gate voltage of the transistor 204 is equal to a
threshold voltage is set as a potential VO, the potential VO is a value between VDD and
VSS and the operation mode of the transistor 204 is switched when the node FN takes
the potential VO. However, the potential VO is not necessarily equal to a medial
between VDD and VSS. For example, if a potential difference between VDD and the
potential VO is larger than a potential difference between VSS and the potential VO, it
takes longer for the node FN to reach the potential VO by giving VSS to the node FN
storing VDD than by giving VDD to the node FN storing VSS. For this reason,

. switching of the transistor 204 is performed slowly.

[0098]

However, in the register 200, before data of the memory circuit 201 is written
into the memory circuit 202, the potential V1 is given to the node FN, so that the
potential of the node FN can be set into an initial state. In this manner, even when the
potential VO is smaller than the median between VDD and VSS, the potential V1 equal
to the potential VSS is given in advance to the node FN, thereby shortening the time
required for giving the potential VSS to the node FN. As a result, data can be written
into the memory circuit 202 rapidly.

[0099]

In addition, the register 200 including the transistor 203 with extremely low
off-state current can reduce power consumption (overhead) resulting from operations
suéh as data backup and data recovery, as compared with nonvolatile memories such as
an MRAM. As a comparative example, a magnetoresistive random access memory

(MRAM) is given. A general MRAM needs 50 pA to 500 HA as a current for writing
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data. On the other hand, the current of the register 200 for writing data can be about
1/100 of that of such an MRAM because in the register 200, data is backed up by supply
of charge to a capacitor. Accordingly, in the register 200, a period of power supply
stop, in which overhead and power reduced by power supply stop are equal, that is
break even time (BET) can be shorter than the case where an MRAM is used for a
register. In other words, power consumed when data is backed up in the register at the
time of shifting the operation mode can be reduced by applying the register 200 to the
registers of the microcontroller 100.

[0100]

This embodiment can be combined with another embodiment as appropriate.
[0101]

(Embodiment 3)

A memory cell structure of the RAM 112 will be described with reference to
FIG. 7. FIG 7 is a circuit diagram of a memory cell 400 in the RAM 112. The
memory cell 400 includes three transistors 401 to 403 -and a capacitor 404. The
memory cell 400 is connected to a bit line BL, a word line RWL, and a word line WWL.
The word line RWL is a read word line, and the word line WWL is a write word line.
In addition, VSS is supplied from a power supply line 405 to the memory cell 400.
When VSS is a potential higher than 0 V, the potential of the power supply line 405 can
be 0 V.

[0102]

The bit line BL is connected to a read-out circuit and a write circuit of the
RAM 112. In addition, the word lines RWL and WWL are connected to a row driver.
[0103]

In order that the memory cell 400 can act as a nonvolatile memory circuit, the
transistor 401 is preferably a transistor with extremely low off-state current, like the
transistor 203 in the register 200. This is because the charge of the node FN (the gate
of the transistor 403) is stored as data in the memory cell 400.

[0104]

Operations of readout and write are described below. In order that data can be

written in the memory cell 400, the potential of the word line RWL is set at a low level

and the potential of the word line WWL is set at a high level, so that the transistor 401
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alone is turned on. The charge corresponding to the potential of the bit line BL is
accumulated in the node FN. vAﬂer the potential of the word line WWL is kept at a
high level for a certain period, the potential is set back to a low level, whereby the write
operation is finished.

[0105]

To perform readout operation, the potential of the bit line BL is set at a high
level (precharge). Then, the potential of the word line WWL is set at a low level and
the potential of the word line RWL is set at a high level, so that the transistor 402 is
turned on. Between a source and a drain of the transistor 403, a current corresponding
to the potential of the gate (node FN) flows. Depending on the amount of the current
flowing, the potential of the bit line BL is decreased. The readout circuit detects a shift
amount of the potential of the bit line BL and judges whether data stored in the memory
cell 400 isOor 1.

[0106]

The memory cell 400 in this embodiment controls ON/OFF of only one
transistor for both the readout operation and the write operation, and thus, a
rapidly-operable RAM, which is nonvolatile, can be provided.

[0107]

This embodiment éan be combined with another embodiment as appropriate.
[0108]

(Embodiment 4)

Each circuit in the microcontroller 100 can be formed on the same
semiconductor substrate. FIG. 8 illustrates an example of a cross-sectional structure of
a part of the microcontroller 100. In FIG. 8, as main components making up of circuits
in the microcontroller 100, a transistor 860 having a channel formation region in an
oxide semiconductor layer and a p-channel transistor 861 and an n-channel transistor
862 each having a channel formation region in a silicon substrate are illustrated.

[0109] '

The transistor 860 is applied to the memory cell of the RAM 112 (the transistor

401 in FIG. 7), and the registers 185 to 187 (see the transistor 203 in FIG. 6). The

transistors 861 and 862 can be applied to other transistors.



10

15

20

25

30

WO 2014/034820

25

[0110]

As illustrated in FIG. 8, the transistor 861 and the transistor 862 are formed on
a semiconductor substrate 800. The semiconductor substrate 800 can be, for example,
a single crystal silicon substrate having n-type or p-type conductivity, a compound
semiconductor substrate (e.g., a GaAs substrate, an InP substrate, a GaN substrate, a SiC
substrate, or a ZnSe substrate), or the like. In FIG. 8, a case where a single crystal
silicon substrate having n-type conductivity is used is illustrated as an example.

[0111] ‘

In addition, the transistors 861 and 862 are electrically isolated from each other
by an element isolation insulating film 801. The element isolation insulating film 801
can be formed by a selective oxidation method such as a local oxidation of silicon
(LOCOS) method, a trench isolation method, or the like. The semiconductor substrate
800 may be an SOI type semiconductor substrate. In this case, element isolation can
be conducted by dividing a semiconductor layer into elements by etching.

[0112]

In a region where the transistor 862 will be formed, a p-well 802 is formed by
selective addition of an impurity element imparting p-type conductivity.
[0113]

The transistor 861 includes an impurity region 803, a low concentration
impurity region 804, a gate electrode 805, and a gate insulating film 806 formed
between the gate electrode 805 and the semiconductor substrate 800. The gate
electrode 805 includes a sidewall 836 in its periphery.

[0114]

The transistor 862 includes an impurity region 807, a low concentration
impurity region 808, a gate electrode 809, and the gate insulating film 806. The gate
electrode 809 includes a sidewall 835 in its periphery.

[0115]

An insulating film 816 is formed over the transistors 861 and 862. Opening
portions are formed in the insulating film 816, and a wiring 810 and a wiring 811 are
formed to be in contact with the impurity regions 803, and a wiring 812 and a wiring

813 are formed to be in contact with the impurity regions 807.
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[0116]

The wiring 810 is connected to a wiring 817 formed over the insulating film
816, the wiring 811 is connected to a wiring 818 formed over the insulating film 816,
the wiring 812 is connected to a wiring 819 formed over the insulating film 816, and the
wiring 813 is connected to a wiring 820 formed over the insulating film 816.

[0117]

An insulating film 821 is formed over the wirings 817 to 820. An opening
portion is formed in the insulating film 821, a wiring 822 and a wiring 823 connected to
the wiring 820 in the opening portion are formed over the insulating film 821. In
addition, an insulating film 824 is formed over the wiring 822 and the wiring 823.
[0118]

A transistor 860 having an oxide semiconductor layer 830 is formed over the
insulating film 824. The transistor 860 includes a conductive film 832 and a
conductive film 833 each of which serves as a source electrode or a drain electrode, a
gate insulating film 831, and a gate electrode 834 over the oxide semiconductor layer
830. The conductive film 832 is connected to the wiring 822 in the opening portion
formed in the insulating film 824.

[0119]

The wiring 823 is overlapped with the oxide semiconductor layer 830 with the
insulating film 824 interposed therebetween. The wiring 823 acts as a backgate of the
transistor 860. The wiring 823 can be formed as needed.

[0120}

The transistor 860 is covered with an insulating film 844 and an insulating film
845. The insulating film 844 is preferably an insulating film that can prevent hydrogen
released from the insulating film 845 from entering the oxide semiconductor layer 830.
Examples of such an insulating film are a silicon nitride film and the like.

[0121]

A conductive film 846 is formed over the insulating film 844. The conductive
film 846 is in contact with the conductive film 832 in an opening portion formed in the
insulating film 844, the insulating film 845, and the gate insulating film 831.

{0122}

The thickness of the oxide semiconductor layer 830 is preferably from 2 nm to

PCT/JP2013/073239
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40 nm. The oxide semiconductor layer 830 is preferably an i-type (intrinsic) or
substantially intrinsic oxide semiconductor so as to form a channel formation region of
the transistor 860. Note that an oxide semiconductor layer which is highly purified by
reduction of impurities serving as electron donors (donors), such as moisture and
hydrogen, and which includes reduced oxygen vacancies is an intrinsic (i-type)
semiconductor or a substantially i-type semiconductor. Here, such an oxide
semiconductor layer is referred to as a highly-purified oxide semiconductor layer. A
transistor formed using a highly-purified oxide semiconductor layer has an extremely
small amount of off-state current and high reliability.

[0123]

The carrier density of the oxide semiconductor layer 830 is preferably 1 x
10""/cm’® or lower, more preferably 1 x 10'%cm’ or lower, 1 x 10'%/cm?> or lower, 1 x
10"%/cm? or lower, or 1 x 10%/cm® or lower, for forming a transistor with low off-state
current.

[0124)]

The source-drain current of the transistor 860 in an off state can be 1 x 107' A
or lower at room temperature (about 25 °C) as the result of using the oxide
semiconductor layer 830. The off-state source-drain current at room temperature
(about 25 °C) is preferably 1 x 1072' A or lower, more preferably 1 x 107* A or lower.
Alternatively, at 85 °C, the current value can be 1 x 107 A or lower, preferably, 1 x
107'® A or lower, more preferably 1 x 107" A or lower. An off state of a transistor
refers to a state where a gate voltage is much lower than a threshold voltage in an
n-channel transistor.  Specifically, the transistor is in an off state when the gate voltage
is lower than the threshold voltage by 1 V or more, 2 V or more, or 3 V or more.

[0125]

Some experiments prove that the off-state current of the transistor using an
oxide semiconductor layer is extremely low. For example, the following measurement
data was obtained: a transistor with a channel width of 1 x 10° pm and a channel length
of 10 um can have an off-state current less than or equal to the measurement limit of a
semiconductor parameter analyzer, that is, less than or equal to 1 x 10" A when the

voltage (drain voltage) between a source and a drain ranges between 1 Vand 10 V. In
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that case, it can be seen that off-state current standardized on the channel width of the

transistor is 100 zA/um or lower.
[0126]

In another experiment, off-state current is measured with a circuit in which a
capacitor and a transistor are connected to each other and charge flowing to or from the
capacitor is controlled by the transistor. In this case, the off-state current is measured
from a change in the amount of charge of the capacitor per unit time. As a result, it is
found that when the drain voltage is 3 V, an off-state current of several tens of
yoctoamperes per micrometer (YA/um) can be achieved. Accordingly, the off-state
current of the transistor in which the purified oxide semiconductor film is used as a
channel formation region is considerably lower than that of a transistor formed using
silicon having crystallinity.

[0127]

The oxide semiconductor layer 830 preferably contains at least indium (In) or
zinc (Zn). Examples of oxide semiconductors are indium oxide, zinc oxide, In-Zn
based oxide, In-Ga-Zn based oxide, In-Al-Zn based oxide, In-Sn-Zn based oxide, and
the like. |
[0128] ,

Further, typical crystal structures of the oxide semiconductor layer 830 are
single crystal, polycrystal, and amorphous. As the oxide semiconductor layer 830, a
CAAC-OS (c-axis aligned crystalline oxide semiconductor) film is preferred.

[0129]

An oxide semiconductor film used for the oxide semiconductor layer 830 is
described below.
{0130}

An oxide semiconductor film may be a single-crystal oxide semiconductor film
or a non-single-crystal oxide semiconductor film. The non-single-crystal oxide
semiconductor film includes any of .an amorphous oxide semiconductor film, a
microcrystalline oxide semiconductor film, a polycrystalline oxide semiconductor film,

a c-axis aligned crystalline oxide semiconductor (CAAC-OS) film, and the like.
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[0131]

The amorphous oxide semiconductor film has disordered atomic arrangement
and no crystalline component. A typical example thereof is an oxide semiconductor
film in which no crystal part exists even in a microscopic region, and the whole of the
film is amorphous.

[0132]

The microcrystalline oxide semiconductor film includes a microcrystal (also
referred to as nanocrystal) with a size greater than or equal to 1 nm and less than 10 nm,
for example. Thus, the microcrystalline oxide semiconductor film has a higher degree
of atomic order than the amorphous oxide semiconductor film. Hence, the density of
defect states of the microcrystalline oxide semiconductor film is lower than that of the
amorphous oxide semiconductor film.

[0133]

The CAAC-OS film is one of oxide semiconductor films having a plurality of
crystal parts, and most of the crystal parts each fit inside a cube whose one side is less
than 100 nm. Thus, there is a case where a crystal part included in the CAAC-OS film
fits a cube whose one side is less than 10 nm, less than 5 nm, or less than 3 nm. The
density of defect states of the CAAC-OS film is lower than that of the microcrystalline
oxide semiconductor film. The CAAC-OS film is described in detail below.

[0134]

In observation with a transmission electron microscope (TEM) image of the
CAAC-OS film, a boundary between crystal parts, that is, a clear grain boundary is not
seen. Thus, in the CAAC-OS film, a reduction in electron mobility resulting from the
grain boundary is less likely to occur.

[0135]

In this specification, a term "parallel” indicates that the angle formed between
two straight lines is from -10° to 10°, and accordingly, also includes a case where the
angle is from -5° to 5°. In addition, a term "perpendicular" indicates that the angle

formed between two straight lines is from 80° to 100°, and accordingly includes a case

where the angle is from 85° to 95°.

[0136]
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According to a TEM image of the CAAC-OS film observed in a direction
substantially parallel to a sample surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal atom layer has a
morphology reflected by a surface over which the CAAC-OS film is formed (hereinafter,
a surface over which the CAAC-OS film is formed is referred to as a formation surface)
or a top surface of the CAAC-OS film, and is arranged in parallel to the formation
surface or the top surface of the CAAC-OS film.

[0137] ,
On the other hand, according to a TEM image of the CAAC-OS film observed
in a direction substantially perpendicular to the sample surface (plan TEM image),
metal atoms are arranged in a triangular or hexagonal configuration in the crystal parts.
However, no regularity of arrangement of metal atoms is observed between different
crystal parts.

[0138]

From the results of the cross-sectional TEM image and the plan TEM image,
alignment is found in the crystal parts in the CAAC-OS film.
[0139]

The CAAC-OS film is subjected to structural analysis with an X-ray diffraction
(XRD) apparatus. For example, when the CAAC-OS film including an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak appears frequently when the
diffraction angle (26) is around 31°. This peak is derived from the (009) plane of the
InGaZnO;4 crystal, which indicates that crystals in the CAAC-OS film have c-axis
alignment, and that the c-axes are aligned in a direction substantially perpendicular to
the formation surface or the top surface of the CAAC-OS film.

[0140] |
On the other hand, when the CAAC-OS film is analyzed by an in-plane method

in which an X-ray enters the sample in a direction perpendicular to the c-axis, a peak

~ appears frequently when 268 is around 56°. This peak is derived from the (110) plane

of the InGaZnO, crystal. Here, analysis (¢ scan) is performed under conditions where
the sample is rotated around a normal vector of a sample surface as an axis (¢ axis) with

26 fixed at around 56°. In the case where the sample is a single-crystal oxide
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semiconductor film of InGaZnOy, six peaks appear. The six peaks are derived from
crystal planes equivalent to the (110) plane. On the other hand, in the case of the
CAAC-OS film, a peak is not clearly observed even when ¢ scan is performed with 29
fixed at around 56°.

[0141]

According to the above results, in the CAAC-OS film having c-axis alighment,
while the directions of a-axes and b-axes are different between crystal parts, the c-axes
are aligned in a direction parallel to a normal vector of a formation surface or a normal
vector of a top surface. Thus, each metal atom layer arranged in the layered manner
observed in the cross-sectional TEM image corresponds to a plane parallel to the a-b
plane of the crystal.

[0142]

Note that the crystal part is formed concurrently with deposition of the
CAAC-OS film or is formed through crystallization treatment such as heat treatment.
As described above, the c-axis of the crystal is aligned with a direction parallel to a
normal vector of a formation surface or a normal vector of a top surface of the
CAAC-OS film. Thus, for example, if a shape of the CAAC-OS film is changed by
etching or the like, the c-axis might not be necessarily parallel to a normal vector of a
formation surface or a normal vector of a top surface of the CAAC-OS film,

[0143]

Further, the degree of crystallinity in the CAAC-OS film is not necessarily
uniform. For example, when crystal growth leading to the CAAC-OS film occurs
from the vicinity of the top surface of the film, the degree of the crystallinity in the
vicinity of the top surface is higher than that in the vicinity of the formation surface in
some cases. Further, when an impurity is added to the CAAC-OS film, the
crystallinity in a region to which the impurity is added may be changed, and the degree
of crystallinity in the CAAC-OS film may vary depending on regions.

[0144]

Note that when the CAAC-OS film with an InGaZnOj crystal is analyzed by an

out-of-plane method, a peak of 26 may also be observed at around 36°, in addition to

the peak of 260 at around 31°. The peak of 26 at around 36° is derived from the (311)
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plane of a ZnGa,O4 crystal; such a peak indicates that a ZnGa,Oy4 crystal is included in
part of the CAAC-OS film including the InGaZnO4 crystal. It is preferable for the
CAAC-OS film that a peak of 26 appears at around 31° and a peak of 28 does not

appear at around 36°.
[0145]

With the use of the CAAC-OS film in a transistor, change in electric
characteristics of the transistor due to irradiation with visible light or ultraviolet light is
small. Thus, the transistor has high reliability.

[0146]

Note that an oxide semiconductor film may be a stacked film including two or
more films of an amorphous oxide semiconductor film, a microcrystalline oxide
semiconductor film, and a CAAC-OS film, for example.

[0147]

A formation method of the CAAC-OS film is described below. A CAAC-OS
film is formed by, for example, a sputtering method using a polycrystalline oxide
semiconductor sputtering target. When ions collide with the sputtering target, a crystal
region included in the sputtering target might be separated from the target along an a-b
plane; in other words, a sputtered particle having a plane parallel to an a-b plane
(flat-plate-like sputtered particle or pellet-like sputtered particle) might be separated
from the sputtering target. In that case, the flat-plate-like sputtered particle reaches a
substrate while maintaining its crystal state, whereby the CAAC-OS film can be
formed.

[0148]

As for the flat-plate-like sputtered particle, for example, the circle diameter
equivalent of a plane that is parallel to an a-b plane is from 3 nm to 10 nm and the
thickness (length in the direction perpendicular to the a-b plane) is 0.7 nm or more and
less than 1 nm. Note that in the flat-plate-like sputtered particle, the plane parallel to
the a-b plane may be a regular triangle or a regular hexagon. Here, the term “circle
diameter equivalent of a plane” refers to the diameter of a perfect circle having the same

area as the plane.
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[0149]

For the deposition of the CAAC-OS film, the following conditions are
preferably used. |
[0150]

By increasing the substrate heating temperature during the deposition,
migration of a sputtered particle is likely to occur after the sputtered particle reaches a
substrate surface. Specifically, the substrate heating temperature during the deposition
is from 100 °C to 740 °C, preferably from 200 °C to 500 °C. By increasing the
substrate heating temperature during the deposition, when the flat-plate-like sputtered
particle reaches the substrate, migration occurs on the substrate surface, so that a flat
plane of the flat-plate-like sputtered particles is attached to the substrate. At this time,
the sputtered particles are positively charged, whereby the sputtered particles repelling
each other are attached to the substrate. Therefore, the sputtered particles are not
gathered and are not overlapped unevenly with each other, so that the CAAC-OS film
having a uniform thickness can be formed.

[0151]

By reducing the amount of impurities entering the CAAC-OS film during the
deposition, the crystal state can be prevented from being broken by the impurities. For
example, the concentration of impurities (e.g., hydrogen, water, carbon dioxide, and
nitrogen) which exist in the deposition chamber may be reduced. Furthermore, the
concentration of impurities in a deposition gas may be reduced. Specifically, a
deposition gas whose dew point is —80 °C or lower, preferably —100 °C or lower is
used.

[0152]

Furthermore, preferably, the proportion of oxygen in the deposition gas is

increased and the power is optimized in order to reduce plasma damage at the

deposition. The proportion of oxygen in the deposition gas is 30 vol% or higher,

preferably 100 vol%.

[0153]
After the CAAC-OS film is deposited, heat treatment may be performed. The

temperature of the heat treatment is from 100 °C to 740 °C, preferably from 200 °C to
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500 °C. Further, the heat treatment is performed for 1 minute to 24 hours, preferably 6
minutes to 4 hours. The heat treatment may be performed in an inert atmosphere or an
oxidation atmosphere. It is preferable to perform heat treatment in an inert atmosphere
and then to perform heat treatment in an oxidation atmosphere. The heat treatment in
an inert atmosphere can reduce the concentration of impurities in the CAAC-OS film
for a short time. At the same time, the heat treatment in an inert atmosphere may
generate oxygen vacancies in the CAAC-OS film. In this case, the heat treatment in an
oxidation atmosphere can reduce the oxygen vacancies. The heat treatment can further
increase the crystallinity of the CAAC-OS film. Note that the heat treatment may be
performed under a reduced pressure, such as 1000 Pa or lower, 100 Pa or lower, 10 Pa
or lower, or 1 Pa or lower. The heat treatment under such a reduced atmosphere can
reduce the concentration of impurities in the CAAC-OS film for a shorter time.

[0154]

As an example of the sputtering target, an In-Ga-Zn oxide target is described
below.
[0155]

The In-Ga-Zn oxide target, which is polycrystailine, is made as follows: InOy
powder, GaOy powder, and ZnOz powder are mixed in a predetermined molar ratio,
pressure is applied to the mixture, and heat treatment is performed thereto at a
temperature from 1000 °C to 1500 °C. Note that )X, Y, and Z are each a given positive
number. Here, the predetermined molar ratio of InOy powder to GaOy powder and
ZnQyz powder is, for example, 2:2:1, 8:4:3, 3:1:1, 1:1:1, 1:3:2, 1:6:4, 4:2:3, or 3:1:2.
The kinds of powder and the molar ratio for mixing powder may be determined as
appropriate depending on a desired sputtering target.

[0156]

Alternatively, the CAAC-OS film can be formed by plural times of deposition
of films. An example of such a method is described below.
[0157]

First, a first oxide semiconductor layer is formed to a thickness of 1 nm or
more and less than 10 nm. The first oxide semiconductor layer is formed by a

sputtering method.  Specifically, at this time, the substrate heating temperature is from
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100 °C to 500 °C, preferably, from 150 °C to 450 °C, and the oxygen ratio in a
deposition gas is 30 vol% or more, preferably 100 vol%.
[0158]

Then, heat treatment is performed to increase the crystallinity of the first oxide
semiconductor layer to give the first CAAC-OS film with high crystallinity. The
temperature of the heat treatment is from 350 °C to 740 °C, preferably 450 °C to 650 °C.
Further, the heat treatment is performed for 1 minute to 24 hours, preferably 6 minutes
to 4 hours. The heat treatment may be performed in an inert atmosphere or an
oxidation atmosphere. It is preferable to perform heat treatment in an inert atmosphere
and then to perform heat treatment in an oxidation atmosphere. The heat treatment in
an inert atmosphere can reduce the concentration of impurities in the first oxide
semiconductor layer for a short time. At the same time, the heat treatment in an inert
atmosphere may generate oxygen vacancies in the first oxide semiconductor layer. In
this case, the heat treatment in an oxidation atmosphere can reduce the oxygen
vacancies. Note that the heat treatment may be performed under a reduced pressure,
such as 1000 Pa or lower, 100 Pa or lower, 10 Pa or lower, or | Pa or lower. The heat
treatment under a reduced pressure can reduce the concentration of impurities in the
first oxide semiconductor layer for a shorter time.

[0159]

Because the first oxide semiconductor layer has a thickness of 1 nm or more
and less than 10 nm, the first oxide semiconductor layer can be more easily crystallized
than that having a thickness of 10 nm or more.

[0160]

Then, a second oxide semiconductor layer having the same composition as the
first oxide semiconductor layer is formed to a thickness of from 10 nm to 50 nm. The
second oxide semiconductor layer is formed by a sputtering method. Specifically, at
this time, the substrate heating temperature is from 100 °C to 500 °C, preferably, from

150 °C to 450 °C, and the oxygen ratio in a deposition gas is 30 vol% or more,

preferably 100 vol%.
[0161]

Then, heat treatment is conducted so that the second oxide semiconductor layer
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is turned into a second CAAC-OS film with high crystallinity by solid phase growth
from the first CAAC-OS film. The temperature of the heat treatment is from 350 °C to
740 °C, preferably from 450 °C to 650 °C.  Further, the heat treatment is performed for
1 minute to 24 hours, preferably 6 minutes to 4 hours. The heat treatment may be
performed in an inert atmosphere or an oxidation atmosphere. It is preferable to
perform heat treatment in an inert atmosphere and then to perform heat treatment in an
oxidation atmosphere. The heat treatment in an inert atmosphere can reduce the
concentration of impurities in the second oxide semiconductor layer for a short time.
At the same time, the heat treatment in an inert atmosphere may generate oxygen
vacancies in the second oxide semiconductor layer. In this case, the heat treatment in
an oxidation atmosphere can reduce the oxygen vacancies. Note that the heat
treatment may be performed under a reduced pressure, such as 1000 Pa or lower, 100 Pa
or lower, 10 Pa or lower, or 1 Pa or lower. The heat treatment under a reduced
pressure can reduce the concentration of impurities in the second oxide semiconductor
layer for a shorter time.
[0162]

This embodiment can be combined with another embodiment as appropriate.
[0163]
(Embodiment 5)

[n this embodiment, another configuration of a microcontroller will be
described.
[0164]

FIG. 9 is a block diagram of a microcontroller 190.
[0165]

Like the microcontroller 100 in FIG. 1, the microcontroller 190 includes the
CPU 110, the bus bridge 111, the RAM 112, the memory interface 113, the controller
120, the interrupt controller 121, the 1/O interface (input/output interface) 122, and the
power gate unit 130.
[0166]

The microcontroller 190 further includes the crystal oscillation circuit 141, the

timer circuit 145, the /O interface 146, the 1/0 port 150, the comparator 151, the I/0
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interface 152, the bus line 161, the bus line 162, the bus line 163, and the data bus line
164. The microcontroller 190 further includes at least the connection terminals 170 to
176 as connection parts with an external device. In addition, the microcontroller 190
is connected to the oscillator 142 having the quartz crystal unit 143 via the connection
terminals 172 and 173.

[0167]

Each block of the microcontroller 190 has a function similar to that of the
microcontroller 100 in FIG. 1. Table 2 shows a function of each circuit in the
microcontroller 100 and the microcontroller 190. Further, as in the microcontroller
100, the operation modes of the microcontroller 190 are also switched based on the flow

charts of F1G. 3 to FIG.'S.

[0168]
[Table 2]
Circuit block : Function
CPU 110 Executing instruction

Clock generation circuit 115 Generating clock signal MCLK

Crystal oscillation circuit 141 | Generating clock signal TCLK

Controller 120 Controlling the whole microcontroller 100
Interrupt controller 121 Setting priorities to interrupt requests
I/0O interface 146 Inputting/outputting data
1/O interface 152 Inputting/outputting data
I/O port 150 Interface for connecting with external device
Timer circuit 145 Generating interrupt signal for timer operation
Comparatorl 51 Se%gzgszglsg L%1;()atlentlals (current) of 1nPut signal and
RAM 112 Memory serving as main memory of CPU 110
Memory interface 113 Input/output interface with external memory

[0169]

The microcontroller 190 is different from the microcontroller 100 in signals for
interrupt request. The difference is described below.
[0170]

An external interrupt signal INT1 and an external interrupt signal NMI1 are

inputted into the connection terminal 170 that serves as an input terminal of an external
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interrupt signal. The external interrupt signal NMI1 is a non-maskable interrupt

signal.

[0171]

The external interrupt signal NMI1 inputted via the connection terminal 170 is
inputted into the controller 120. When the external interrupt signal NMII is inputted
into the controller 120, the controller 120 immediately outputs an internal interrupt
signal NMI2 to the CPU 110, so that the CPU 110 executes interrupt processing.

[0172]

The external interrupt signal INT1 is inputted into the interrupt controller 121
via the connection terminal 170. Interrupt signals (TOIRQ, POIRQ, and COIRQ) are
inputted into the interrupt controller 121 from the peripheral circuits (145, 150, and 151)
without going through the buses (161 to 164).

[0173]
When the controller 120 receives the external interrupt signal INTI1, the

controller 120 outputs the internal interrupt signal INT2 to the CPU 110, so that the
CPU 110 executes interrupt processing.

[0174]
Further, there is a case where the interrupt signal TOIRQ is directly inputted

into the controller 120 without going through the interrupt controller 121. When the
controller 120 receives the interrupt signal TOIRQ, the controller 120 outputs the
internal interrupt signal NMI2 to the CPU 110, so that the CPU 110 executes interrupt
processing.

[0175]

As in the microcontroller 100, the power gate unit 130 of the microcontroller
190 is controlled by the controller 120. As described above, the controller 120 outputs
a signal to turn off one or both of the switch circuits included in the power gate unit 130,
depending on the request by the CPU 110 (power supply stop). In addition, the
controller 120 outputs a signal to turn on the switch circuit 132 included in the power
gate unit 130 with, as a trigger, the external interrupt signal NMI1 or the interrupt signal
TOIRQ from the timer circuit 145 (start of power supply).
[0176]

Further, the microcontroller 190 includes the controller 120, the power gate
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unit 130, and the like, and thus, the microcontroller 190 also can operate in three
operation modes (Active mode, Noffl mode and Noff2 mode), like the microcontroller
100. In addition, the circuits that are active or non-active in each operation mode are
the same as those of the microcontroller 100 (see Table 1). Further, the operation
modes of the microcontroller 190 are switched by the controller 120, like the
microcontroller 100. The controller 120 switches the operation modes based on the
flow charts in FIG. 3 to FIG. 5.
[0177]

In order that the microcontroller 190 can return rapidly from Noff1/Noff2 mode
to Active mode, the registers 185 to 187 each have a volatile data storage portion and a
nonvolatile data storage portion for saving data as backup during power supply stop.
Further, in the microcontroller 190, the register 184 in the comparator 151 has a volatile
data storage portion (memory) and a nonvolatile data storage portion (memory), like the
registers 185 to 187.
[0178]

In the microcontroller 100, the register 184 includes no nonvolatile memories,
but the register 184 in the microcontroller 100 can have a nonvolatile memory, like the
registers 185 to 187.

[0179]

In the shift from Acfive mode to Noff1/Noff2 mode, prior to power supply stop,

data stored in the volatile memories in the registers 184 to 187 are written into in the

nonvolatile memories, and data stored in the volatile memories are reset to initial values.

" Then, power supply to the registers 184 to 187 is stopped.

[0180]

In the return from Noffl/Noff2 mode to Active mode, power supply to the
registers 184 to 187 is started again, and data in the volatile memories are reset to initial
values. Then, the data stored in the nonvolatile memories are written into the volatile
memory.

[0181]

Accordingly, even in the low power consumption mode, data needed for
processing of the microcontroller 190 are stored in the registers 184 to 187, and thus,

the microcontroller 190 can return from the low power consumption mode to Active
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mode immediately.
[0182]

Thus, in accordance with this embodiment, the microcontroller that can operate
with low power consumption by employing the low power consumption mode and can
return rapidly from the low power consumption mode to the normal operation mode can
be provided.

[0183]

Accordingly, the microcontroller 190 is also very suitable for devices that
operate by intermittent control, such as a sensing device and a monitoring device. For
example, the microcontrollers 100 and 190 are suitable for control devices of fire alarms,
smoke detectors, management units of secondary batteries, and the like. In particular,
devices having batteries as power sources have a problem of power consumption due to
long time operation. However, like the microcontroller 100, because most part of the
operation period of the microcontroller 190 is in Noffl mode, only circuits needed for
allowing the microcontroller 190 to return to Active mode operate, the power
consumption during operation can be lowered.

[0184]
(Embodiment 6)

In this embodiment, another example of a configuration of a microcontroller

will be described.
[0185]

FIG. 13 is a block diagram of a microcontroller 300.
[0186]

Like the microcontroller 100 in FIG. 1, the microcontroller 300 includes the
CPU 110, the RAM 112, the memory interface 113, the controller 120, the interrupt
controller 121, and the power gate unit 130.

[0187]

The microcontroller 300 further includes a bus bridge, a bus line, and a data
bus line. In FIG. 13, the bus bridge, the bus line, and the data bus line of the
microcontroller 300 are referred to as BUS 301.

[0188] |

In addition, in FIG. 13, an 1/O interface connecting the interrupt controller 121
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and BUS 301 is not illustrated, and the register 186 of the controller 120 is provided in

the interrupt controller 121.

[0189]

The microcontroller 300 further includes the crystal oscillation circuit 141, the
timer circuit 145, the I/O port 150, and the comparator 151. In addition, although not
illustrated in FIG. 13, the oscillator having the quartz crystal unit is connected to the
crystal oscillation circuit 141 of the microcontroller 300 via a connection terminal.
[0190]

In FIG. 13, an I/O interface connecting the timer circuit 145 and BUS 301 is
not illustrated, and the register 187 is provided in the timer circuit 145.

[0191]

In FIG. 13, an 1/O interface connecting the comparator 151 and BUS 301 is not
illustrated, and the register 184 is provided in the comparator 151.

[0192]

Each block in the microcontroller 300 has a function similar to that in the
microcontroller 100 in FIG. 1.

[0193] _

Further, the microcontroller 300 includes the controller 120, the power gate
unit 130, and the like, and thus, the microcontroller 300 can operate in three operation
modes (Active mode , Noffl mode and Noff2 mode), like the microcontroller 100. In
addition, the circuits that are active or non-active in each operation mode are the same
as those of the microcontroller 100 (see Table 1). In addition, the operation modes of
the microcontroller 300 are switched by the controller 120, like the microcontroller 100.
[0194]

In order that the microcontroller 300 can return rapidly from Noff1/Noff2 mode
to Active nﬂode, the registers 185 to 187 each have a volatile data storage portion and a
nonvolatile data storage portion ‘for saving data as backup during power supply stop.
Further, in the microcontroller 300, the register 184 in the comparator 151 has a volatile
data storage portion and a nonvolatile data storage portion, like the registers 185 to 187.
[0195]

In the shift from Active mode to Noff1/Noff2 mode, prior to ‘power supply stop,

data stored in the volatile memories in the registers 184 to 187 are written into the
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nonvolatile memories, and data stored in the volatile memories are reset to initial values.
Then, power supply to the registers 184 to 187 is stopped.
[0196]

In the return from Noffl/Noff2 mode to Active mode, power supply to the
registers 184 to 187 is started again, and data in the volatile memories are reset to initial
values. Then, the data stored in the nonvolatile memories written into the volatile
memory. |
[0197]

Accordingly, even in the low power consumption mode, data needed for
processing of the microcontroller 300 are stored in the registers 184 to 187, and thus,
the microcontroller 300 can return from the low power consumption mode to Active
mode immediately.

[0198]

Thus, in accordance with this embodiment, the microcontroller that can operate
with low power consumption by employing the low power consumption mode and can
return rapidly from the low power consumption mode to the normal operation mode can
be provided.

[0199]

Accordingly, the microcontroller 300 is also very suitable for devices that
operate by intermittent control, such as a sensing device and a monitoring device. For
example, the microcontroller 300 is suitable for control devices of fire alarms, smoke
detectors, management units of secondary batteries, and the like. In particular, devices
having batteries as power sources have a problem of power consumption due to tong
time operation. However, because most part of the operation period of the
microcontroller 300 is in Noffl mode, only circuits needed for allowing the
microcontroller 300 to return to Active mode operate, the power consumption during
operation can be lowered, like the microcontroller 100.

[Example 1]
[0200]
A microcontroller was fabricated practically and operation thereof was verified.

The operation verification is described in this example.

PCT/JP2013/073239
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[0201]

PCT/JP2013/073239

FIG. 10 is an optical micrograph of a microcontroller 500 that is fabricated

using a silicon substrate. The microcontroller 500 has circuit blocks and functions

similar to those of the microcontroller 190 illustrated in FIG. 9. Note that some of the

reference numerals attached to the circuit blocks in FIG. 9 are used in FIG. 10.

[0202]

The process technology of the microcontroller 500 in FIG. 10 is as follows: the

0.35 pm process technology is used for the transistor formed using silicon (Si-FET), and

the 0.8 um process technology is used for the transistor formed using an oxide

semiconductor (CAAC-IGZO, c-axis-aligned-crystalline In-Ga-Zn-oxide) layer (the
transistor is referred to as CAAC-IGZO-FET), like the microcontroller 100 in FIG. 2.

The size of the microcontroller 500 is 11.0 mm x 12.0 mm.

[0203]
Table 3 shows the specifications of the microcontroller 500.
[0204]
[Table 3]
Architecture 8 bit CISC
Si-FET (W/L) [um] 8/0.35
Technology
CAAC-IGZO-FET (W/L) [um] 0.8/0.8
Die (W x H) [mm?] 11. % 12.0
Size
CPU 110 (W x H) [mm?] 4.5x33
CPU 110 about 30,000
Transistor count
excluding CPU 110 about 56,000
Register 185 FF count 279
Clock frequency [MHz] 8
Power supply voltage [V] 20

[0205]

It is confirmed that data is stored in the register 185 in the CPU 110, when the

" operation mode of the microcontroller 500 is shifted from Active mode to the Noff2

mode with no power supply. The result is described below with reference to signal

waveform diagrams in FIG. 11 and FIGS. 12A and 12B.
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[0206]

To confirm if data is stored or not is performed as follows: data is stored in a
HL register in the volatile memory of the register 185 in Active mode and the data
stored in the HL register is read out after the operation mode returned to Active mode
from Noff2 mode with no power supply.

[0207]

FIG. 11, FIG. 12A, and FIG. 12B show results obtained by the following
manner: a signal generated by a pattern génerator module TLA7PG2 produced by
Tektronix, Inc. is inputted into the microcontroller 500, and a signal generated at the
input-output terminal (connection terminal) of the microcontroller 500 is measured by a
logic analyzer TLA7AA?2 produced by Tektronix, Inc.

[0208]

“ADDR”, “DATA”, “CPU_VDD”, “MREQ_B”, “RD B”, “WR_B”, and
“NMI_B” shown in FIG. 11, FIG. 12A, and FIG. 12B are names of the input-output
terminals measured by the logic analyzer.

[0209]

From the ADDR terminal, the number of steps calculated by the CPU 110 (the
value is changed sequentially depending on the number of processing) or an address
accessed by the CPU 110 can be detected. In addition, from the DATA terminal, an
instruction code executed by the CPU 110 in the microcontroller 500 or data inputted or
outputted by the microcontroller 500 can be detected. In addition, from the
CPU_VDD terminal, a potential of VDD supplied to the CPU 110 can be detected.
[0210]

Further, from the MREQ_B terminal, a signal for determining access to an
external memory can be detected. When the MREQ_B terminal has a low potential,
access to the external memory is allowed, and when the MREQ_B terminal has a high
potential, access to the external memory is dehied. In addition, when the MREQ_B
terminal has a low potential and the RD_B terminal has a low potential, readout of data
from the external memory is allowed, and when the MREQ_B terminal has a low
potential and the WR_B terminal has a low potential, writing of data to the external

memory is allowed.
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[0211]

In addition, from the NMI_B terminal, a nonmaskable interrupt signal can be
detected. Although a high potential is usually supplied to the NMI_B terminal, when a
low potential is supplied to the NMI_B terminal, interrupt processing is executed.
[0212]

Note that the “high potential” means a potential higher than a reference
potential and the “low potential” means a potential lower than the reference potential.
In the case where the reference potential is 0 V, the high potential can be called a
positive potential and the low potential can be called a negative potential.
Alternatively, one of the high potential and the low potential can be equal to the
reference potential.

[0213]
In addition, periods 511 and 515 illustrated in FIG. 11 are periods in which the

microcontrotler 500 operates in Active mode. A period 512 is a backup process period
in which data is transferred from the volatile memory to the nonvolatile memory in each
register, before the operation mode of the microcontroller 500 is shifted from Active
mode to Noff2 mode. A period 513 is a period in which the microcontroller 500
operates in Noff2 mode. A period 514 is a return process period in which data is
returned back to the volatile memory from the nonvolatile memory in each register,
before the operation mode of the microcontroller 500 returns from Noff2 mode to
Active mode.

[0214]
FIG. 12A illustrates signals in a period 591 which are partly-enlarged signals of

the signals measured in the period 511 in Active mode operation. In addition, FIG.
12B illustrates signals in a period 592 which are partly-enlarged signals of the signals
measured in the period 515 in Active mode operation.
[0215]

In the period 511 (Active mode period), data “AAS55” is stored in the HL
register that is a part of the register 185. This process is called as a process 596 (see
FIG. 12A). In the process 596, “21” detected from the DATA terminal when the

ADDR terminal is “0007” is an instruction code for storing data in the HL register. In
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addition, “55” and “AA” that are subsequently detected from the DATA terminal are
data stored in the HL register. Note that the microcontroller 500 processed data in
terms of bytes, and thus “55” is detected as the low byte first and then “AA” is detected
as the high byte (see FIG. 11 and FIG. 12A).

[0216]

Next, operation verification of the microcontroller 500 in the shift from Active

mode to Noff2 mode illustrated in FIG. 4 is described.
[0217)

~ For the operation verification, a signal for switching the operation mode to
Noff2 mode is inputted into the microcontroller 500. When the signal for switching
the operation mode to Noff2 mode is inputted into the microcontroller 500, the
microcontroller 500 transfers data that is needed to be stored after power supply stop, of
data stored in the volatile memories of the registers (184 to 187), to the nonvolatile
memories and the data is stored in the nonvolatile memories (period 512). At this time,
the data “AAS55” stored in HL register that is one of the volatile memories is transferred
to and stored in the nonvolatile memory.
[0218]

After the microcontroller 500 finishes data transfer and data storage to the
nonvolatile storage portion, the microcontroller 500 allows the power gate unit 130 to
operate so as to stop power supply to each circuit block, and thereby the operation mode
becomes Noff2 mode (period 513). In the period 513 in FIG. 11, power supply to the
CPU_VDD terminal is stopped.

[0219]

Next, operation verification of the microcontroller 500 in the shift from Noff2
mode to Active mode as illustrated in FIG. 5 is described.
[0220]

The return from Noff2 mode to Active mode is started by supply of a low
potential to the NMI_B terminal. When the low potential is supplied to the NMI_B
terminal, the power gate unit 130 operates to restart power supply to each circuit block.
Then, data stored in the nonvolatile memory is transferred to and stored in the volatile

memory. At this time, the data “AAS55” stored in the nonvolatile memory is
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transferred to and stored again in the HL register (period 514).
[0221]

After return of data from the nonvolatile memory to the volatile memory is
finished, the microcontroller 500 operates again in Active mode in response to the
returned data (period 515).

[0222]

Then, in the period 515, processes 597 and 598 are conducted so that data
returned in the HL register is confirmed.
[0223]

During the process 597, “22” detected from the “DATA” terminal when “0023”
is detected from the “ADDR?” terminal is an instruction code for transferring data stored
in HL register to the external memory. Further, “FD” and “7F” that are subsequently
detected from the “DATA” terminal mean an address “7FFD” of the external memory
that is an address to which data is to be transferred (see FIG. 11 and FIG. 12B).

[0224)]

The microcontroller 500 transfers data in the HL register to the external
memory in the process 598 following the process 597. As described above, the
microcontroller 500 processes data in terms of bytes. In addition, the external memory
stores one byte of data per address. Thus, the microcontroller 500 that have received
an instruction of the process 597 transfers data as the low byte in HL register to the
address “7FFD” in the external memory, and then transfers data as the high byte to an
address “7FFE” in the external memory in the process 598.

[0225]

As shown in FIG. 12B, in the process 598, the microcontroller 500 outputs
“7FFD” to the ADDR terminal, and outputs “55” to the DATA terminal as data of the
low byte in the HL register. At this time, a low potential is supplied to the MREQ B
terminal and the WR_B terminal, so that “55” is written into the address “7FFD” in the
external memory.

[0226]

Then, as shown in FIG. 12B, the microcontroller 500 outputs “7FFE” to the

ADDR terminal, and outputs “AA” as data of the high byte in the HL register to the
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DATA terminal. At this time, a low potential is supplied to the MREQ_B terminal and
the WR_B terminal, so that “AA” is written into the address “7FFE” in the external
memory.

[0227]

The measurement results of the ADDR terminal and the DATA terminal in the
processes 597 and 598 show that data “AA55” is stored in the HL register in the period
515. Thus, it is confirmed that the microcontroller 500 holds data in the register 185
even when the microcontroller 500 is switched from Active mode to Noff2 mode with
no power supply. In addition, it is also confirmed that the microcontroller 500
operated normally after the microcontroller 500 returned from Noff2 mode to Active
mode.

[0228)

In addition, it is also confirmed that necessary data is backed up in the
nonvolatile memory of the register before power supply is stopped. In other words,
the microcontroller 500 can start to execute processing for power supply stop before
processing by the CPU finishes; therefore, flexibility in timing for power supply stop
can be increased. It is also confirmed that the microcontroller can return from the low
power consumption mode to the normal operation mode rapidly.

[Example 2]
[0229]

A microcontroller was fabricated practically and operation thereof was verified.
The operation verification is described in this example.

{0230}

The microcontroller used for operation verification in this example has a circuit
configuration and functions similar to those of the microcontroller 300 illustrated in FIG.
13. |
[0231]

A configuration of the register 185 included in the CPU 110 of the
microcontroller used for operation verification is described first. FIG. 14 illustrates the

configuration of the register 185 having a 1-bit memory capacity in this example.
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[0232]

The register 185 includes the memory circuit 201 and the memory circuit 202,
like the register 200 illustrated in FIG. 6.

[0233]

The memory circuit 201 includes the inverters 220 to 224, the transmission
gates 226 to 228, and the NAND 229 and the NAND 230. In addition, the memory
circuit 202 includes the transistor 203, the transistor 204, the capacitor 205, the
transmission gate 206, the transistor 207, and the inverter 209,

[0234]

The inverter 220 has a function of generating a clock signal CLKb which is an
inverted signal obtained by inverting a polarity of a potential of the clock signal CLK.
The transmission gate 226, the transmission gate 227, and the inverter 222 each
determines output of a signal in response to the clock signal CLK and the clock signal
CLKb.

[0235]

Specifically, the transmission gate 226 supplies a signal D which has been
received by an input terminal of the transmission gate 226 to a first input terminal of the
NAND 229 and an input terminal of the transmission gate 206 included in the memory
circuit 202, when the potential of the clock signal CLK is at a low (L) level and the
potential of the clock signal CLKb is at a high (H) level. In addition, the transmission
gate 226 takes high impedance and stops supply of the signal D to the first input
terminal of the NAND 229 and the input terminal of the transmission gate 206 in the
memory circuit 202, when the potential of the clock signal CLK is at a high level and
the potential of the clock signal CLKb is at a low level.

[0236]

Specifically, the transmission gate 227 supplies a signal which is outputted
from an output terminal of the NAND 229 and an output terminal of the transmission
gate 228, to an input terminal of the inverter 221, when the potential of the clock signal
CLK is at a high leQel and the potential of the clock signal CLKb is at a low level. In
addition, the trahsmission gate 227 stops supply of a signal which is outputted from the
output terminal of the NAND 229 or the output terminal of the transmission gate 228, to

the input terminal of the inverter 221, when the potential of the clock signal CLK is at a
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low level and the potential of the clock signal CLKb is at a high level.
[0237]

In addition, the inverter 223 generates a signal REb which is an inverted signal
obtained by interving a polarity of a potential of a signal RE. The inverter 224
generates the signal RE by inverting the polarity of a potential of the signal REb. The
transmission gate 228 and the NAND 229 each determine output of a signal in response
to the signal RE and the signal REb.

[0238]

Specifically, the transmission gate 228 supplieé a signal including data
outputted from the memory circuit 202, to an input terminal of the transmission gate
227 and an input terminal of the inverter 222, when the potential of the signal RE is at
high level and the potential of the signal REb is at low level. In addition, the
transmission gate 228 takes high impedance and stops supply of a signal including data
outputted from the memory circuit 202 to the input terminal of the transmission gate
227 and the input terminal of the inverter 222, when the potential of the signal RE is at a
low level and the potential of the signal REDb is at a high level.

[0239]

The NAND 229 is a NAND having two inputs. To the first input terminal is
supplied a sigrial D outputted from the transmission gate 226 or a signal outputted from
the transmission gate 206 of the memory circuit 202, and to a second input terminal is
supplied a signal RESET. Then, the NAND 229 outputs a signal in response to the
signals inputted into the first input terminal and the second input terminal, when the
potential of the signal RE is at a low level and the potential of the signal REb is at a
high level. In addition, the NAND 229 takes high impedance and stops supply of a
signal irrespective of the signal inputted to the first input terminal and the second input
terminal, when the potential of the signal RE is at a high level and the potential of the
signal RED is at a low level.

[0240]

The inverter 222 inverts the polarity of the potential of a signal which is
supplied to an input terminal of the inverter 222 and outputs the inverted signal, when
the potential of the clock signal CLK is at a high level and the potential of the clock
signal CLKb is at a low level. The outputted signal is supplied to the first input
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terminal of the NAND 229. In addition, the inverter 222 takes high impedance and
stops supply of a signal to the first input terminal of the NAND 229, when the potential
of the clock signal CLK is at a low level and the potential of the clock signal CLKb is at
a high level.

[0241}]

The inverter 221 inverts the potentials of the signals outputted from the output
terminal of the transmission gate 227 and the output terminal of the NAND 230, and
outputs the inverted signals as signals Q. The signal Q outputted from the inverter 221
is supplied to the first input terminal of the NAND 230.

[0242]

The NAND 230 is a NAND having two inputs, and the signal Q outputted from
the inverter 221 is supplied to a first input terminal and the signal RESET is supplied to
a second input terminal.

[0243]

ON/OFF of the transistor 203 is controlled in response to the potential of the
signal WEI1. In addition, ON/OFF of the transmission gate 206 is controlled in
response to the signal WE2.  Specifically, in FIG. 14, ON/OFF of the transmission gate
206 is controlled by the signal WE2 and the signal which is obtained by inverting the
polarity of the signal WE2 by the inverter 209. ON/OFF of the transistor 207 is
controlled in response to the signal WE2.

[0244]

When the transmission gate 206 and the transistor 203 are in on states, the
potential corresponding to 1 or 0 of data in a node FN1 in the memory circuit 201 is
supplied to a node FN2. In addition, when the transistor 203 and the transistor 207 are
in on states, the potential V1 is supplied to the node FN2.

[0245]

ON/OFF of the transistor 204 is controlled in response to the potential of the
node FN2. When the transistor 204 is in an on state, the potential V1 is supplied to the
memory circuit 201 through the transistor 204. When the transistor 203 is in an off
state, the capacitor 205 stores the potential of the node FN2. v
[0246]

In the register 185 illustrated in FIG. 14, the transistor 203 is formed using a
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CAAC-OS film including an In-Ga-Zn based oxide, while the transistors other than the
transistor 203 included in the register 185 are formed using silicon films. The
transistor 203 and the capacitor 205 are stacked over the transistors formed using silicon
films, like those illustrated in FIG. 8. By this structure, the area of the register 185 can
be small.

[0247]

FIG. 15 is a timing chart of potentials of an input signal, an output signal, a
power supply potential, and the node FN2 at the time of data backup in the memory
circuit 202 from the memory circuit 201, stop of power supply to the register 185, and
data recovery from the memory circuit 202 to the memory circuit 201, in the register
185 illustrated in FIG. 14.

[0248]

When the microcontroller is in Active mode, the potential of the signal WE2 is
at a high level and the potential of the signal RE is at a low level, so that the memory
circuit 201 is electrically isolated from the memory circuit 202. Thus, the register 185
can have a function similar to that of a typical flip-flop. Further, a circuit specific to
data backup in the memory circuit 202 and the data recovery from the memory circuit
202 is not needed.

[0249]

In the register 185 illustrated in FIG. 14, electric power for writing data in the
memory circuit 202 is lower than that in a register using an MRAM. This is because
electric power for writing data in the memory circuit 202 depends largely on a
capacitance of the capacitor 205, and off-state current of the transistor 203 formed using
a CAAC-OS film including an In-Ga-Zn based oxide is low, which can reduce the
capacitance of the capacitor 205. The register using an MRAM needs large electric
power for data backup, and thus it is difficult to back up data at the same timing in all
registers if MRAMs are used for all the registers in the microcontroller. However, in
accordance with one embodiment of the present invention, electric power for data
backup is small, and thus it is easy to back up data at the same timing in all registers
when all the registers arranged in the microcontroller have the structure illustrated in

FI1G. 14.
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[0250]

Table 4 shows characteristics of the register 185 included in the experimentally
fabricated microcontroller and other nonvolatile memory cells. Thus, unlike the
current-driven type nonvolatile memory cells, when the register 185 in the
microcontroller has several hundreds of bits, data backup process can be conducted at
the same vtiming. Further, the power overhead is small, which leads to effective

normally-off driving.

[0251]
[Table 4]
Register185 | STT-MRAM | NOR Flash
Backup Operation Voltage (V) 2 1.8 10
Storage Capacitor (fF) 110
Backup Period 500 ns 35ns . 1 pus/10 ms
Backup Energy (J/bit) 22 E-13 2.5E-12 1.0 E-10
[0252]

Then, as for the microcontroller in this example, when the register 185
illustrated in FIG. 14 is used for the CPU 110, power consumption is evaluated in
operation of data backup in the memory circuit 202 (Driving 1) and operation without
data backup in the memory circuit 202 (Driving 2).

[0253]

Driving 1 and Driving 2 employed a sample program in which Active mode
and Noff2 mode are repeated simply. FIGS. 16A and 16B show sequences of the
sample programs used for evaluation of power consumption. The repetition cycle of
Active mode and Noff2 mode is defined as a frame period. In the example of FIGS.
16A and 16B, one frame period is 1000 pus and the driving frequency is 8 MHz. In
evaluation of power consumption of Driving 1, data writing process to the register 185
is added to the sample program. In evaluation of power consumption of Driving 2,
data backup process and data recovery process are added to the sample program. In
both Driving 1 and Driving 2, processing conducted in. Active mode (main processing)
is identical, that is, output processing to the I/O port 150 and incremental processing of

the register 185 are conducted.



20

25

30

WO 2014/034820

PCT/JP2013/073239

54

[0254]
As shown in FIG. 16B, in Driving 1 (Distributed backup method), main

processing (SQ12), data backup processing to the memory circuit 202 (SQ13), and
power off sequence (SQ14) are conducted sequentially after power recovery sequence
(SQ11). The power recovery sequence (SQI11) in Driving 1 included processing of
data recovery from the memory circuit 202 to the memory circuit 201. The main
processing (SQ12) takes 512 ps and the data backup processing to the memory circuit
202 (SQ13) takes 0.5 pus.  In addition, as shown in FIG. 16A, in Driving 2 (Centralized
backup method), data recovery processing (SQ22), main processing (SQ23), data
backup processing (SQ24), and power off sequence (SQ25) are conducted sequentially
after power recovery sequence (SQ21). The data recovery processing (SQ22) takes
73.5 ps, the main processing (SQ23) takes 512 ps and the data backup processing
(8Q24) takes 69.5 ps.

[0255]

Evaluation results of power consumption of Driving 1 (Distributed backup
method) and Driving 2 (Centralized backup method) are shown in FIG. 17. As shown
in FIG. 17, when the frame period is 1000 ps and the driving frequency is 8 MHz, the
power consumption of Driving 1 is 1075.4 uW and the power consumption of Driving 2
is 1376.3 uW; therefore, about 22 % of power consumption of the microcontroller is
reduced in Driving | compared to in Driving 2. Further, it is shown that when the
frame period is 500 ps and the driving frequency is 8 MHz, the power consumption of
Driving 1 is lower by about 227.95 pW than that of Driving 2. The difference in
power consumption results from the fact that power consumed by data backup in the
memdry circuit 202 and data recovery from the memory circuit 202 in the register 185
is smaller than power consumed by data backup from the register 185 and data recovery
to the register 185.

[0256]

Néxt, FIG. 18 shows measurement results of power consumption with respect
to the main processing period in Driving 1 and Driving 2, and approximate straight lines
(dotted lines) thereof. The period of the main processing is changed by shifting the

number of increment processing. The approximate straight line of power consumption
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with Driving 1 is represented by the expression y = 1.98x + 57.52, while the
approximate straight line of power consumption with Driving 2 is represented by the
expression y = 1.98x + 360.64. The intercepts of the approximate straight lines
correspond to overhead power. Thus, as apparent from FIG. 18, the overhead power of
Driving 1 (Distributed backup method) is smaller by about 84 % [(~ 1-57.52/360.64)
100 %] than that of Driving 2 (Centralized backup method).

[0257]

Next, FIGS. 19A and 19B show measurement results of signal waveforms
when the sample programs (sequences up to the start of main processing after power
supply restarts) are executed. The driving frequency is 8 MHz. FIG. 19A shows an
example of Driving 1 in which an enlarged view of a signal waveform of a period T11
= 14.53 us) after the power recovery sequence (SQI1) is started, and addresses of
signals. FIG. 19B shows an example of Driving 2 in which an enlarged view of a
signal waveform of a period T2l (= 88.96 ps) after the power recovery sequence
(8Q21) is started, and addresses of signals. Note that in FIGS. 19A and 19B, “ADI1”
denotes a main processing start address and “AD2” denotes data recovery processing
start address.

[0258]

In Driving 1, main processing is started immediately after power supply is
restarted. Thus, it is shown that the time needed for the start of main processing after
power supply is restarted in Driving 1 is shorter by about 74 ps than that in Driving 2, at
the operation of 8 MHz driving frequency. The time to be saved is increased in
proportion to the number of registers included in the CPU and analog/digital peripheral
circuits of the microcontroller. For this reason, the following effect can be expected:
as the number of registers used in a high-functional microcomputer is increased, the
time needed for start of main processing after power supply restarts can be further
shortened.

[Example 3]
[0259]
A microcontroller was fabricated practically and operation thereof was verified.

The operation verification is described in this example.
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[0260]

FIG. 20 illustrates a configuration of the microcontroller used for operation
verification in this example. The microcontroller includes an 8-bit CISC CPU core
having registers (IGZO FF) including transistors formed using IGZO (In-Ga-Zn-oxide)
and a power management unit (PMU). The CPU includes an instruction for power
gating in addition to an instruction set such as one used in Z80.

[0261]

FIG. 21 is a circuit configuration of the IGZO FF. The IGZO FF additionally
includes a shadow memory in which a transistor using IGZO (IGZO FET) is used for a
D-type flip-flop (DFF) in order not to give an influence on a normal operation speed.
[0262]

FIG. 22 is a timing chart of the IGZO FF. In the normal operation (T1), a
normal DFF is structured in such a manner that a terminal 1 of a multiplexer (MUX) is
selected with RE having a potential at a low level. Data writing (T2) to the shadow
memory is conducted by fixing the potential of CLK at a high level to determine data of
DFF and setting the potential of WE at a high level. In the power off period (T3), the
potential (data) of the node F is stored by WE having the potential at a low level. In
the power recovery period (T4), by setting the potential of RE at a low level, the
capacitor Cr is charged. Data readout (T5) from the shadow memory is conducted by
setting the potential of RE at a high level and discharging charge in the capacitor Cr in
accordance with the potential of the node F.

[0263]

FIG. 23 is a state transition diagram of the PMU. The backup operation is
controlled by a program and the recovery operation is controlled by an interrupt signal.
The backup time and the recovery time are times which are programmable for
evaluation. The backup operation required (n, +'33)A clocks and the recovery read
required n; clocks for power recovery and 4 clocks for read operation. The terms n,
and n; are selected from the range of 1 to 4096 and the range of 51 to 65586
respectively.

[0264]

The microcontroller is fabricated by a hybrid process using a SiFET having a
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channel length L of 0.5 um and an IGZO FET having a channel length L of 0.8 pm.
Table 5 below shows measurement results of the IGZO FF (FF1) used practically. The
FF1 has a 1-pF storage capacitor Cs and IGZO FET with L/W = 0.8/0.8 pm in the IGZO
storage portion. The write time (T2) is 500 ns and the readout time (TS) is 10 ns
(VDD =25Vand VH=3.2V).

[0265]
[Table 5]
Write | Write | Read [Retention
Ligzo | Cs Lg; Endurance | )
time | energy | time *3
>10" [500ns| 3.1pJ |10ns
FF1{08um|1pF|0.5um . ‘o ) . >10y
6.4ns | 3.71)
FF2103 um | 2 fF | 30 nm - - 69 days
*2 *2

*1 Experimental results

*2 Estimated through HSPICE simulation at (Vpp, Vu) = (2.5V, 3.2V) (FF1),and (1V, 3
V)(FF2)

*3 Estimated as t ~ Cs x AV/logt for losr= 135 yA/um and AV =1V (FF1), 0.4V (FF2)
[0266]

FIG. 24 is a diagram showing operation waveform of power gating when
backup in 1.8 ps (n; = 12), power off in 3.0 ps, and recovery in 2.2 ps (n; = 51) are
conducted at a frequency of 25 MHz. As apparent from FIG. 24, signal waveforms
SG1 and SG2 had the same data patterns, and thus the values of 88-bit general purpose
registers accessible are the same before and after power off, and power gating
functioned normally. Further, in a test program including LOAD, ADD, and STORE
for verification of power gating, even when power gating is inserted between all
instructions, a correct result are obtained.

[0267]

FIG. 25A is a graph showing a correlation between average power supply
current and repetition time at a driving frequency of 25 MHz. Here, the repetition time
means one cycle from an active process period till the start of a subsequent active

process period as shown in FIGS. 25B and 25C. In other words, the repetition time is
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a period in which one test program is executed as shown in FIG. 25B when power
gating (PG) is not executed, whereas the repetition time is a period in which one test
program and one power gating are executed as shown in FIG. 25C when power gating is
executed. The power gating includes data recovery processing after the restart of
power supply and data backup processing before the stop of power supply. As shown
in FIG. 25A, the break-even time (BET) is 4.9 ps at 25 MHz. The BET corresponds to
a time of power off in which power consumed by data backup and data recovery
(overhead power) and power reduced by power supply stop are equal to each other.
Specifically, the energy consumption by all the capacitors is 42 % (calculated by
computer) and the energy consumption by the PMU is 39 % (measurement value), while
the energy consumption by writing data is as low as less than 2 % (calculated by
computer). For that reason, the IGZO FF is suitable for power gating having fine
temporal granularity.
[0268]

FIG. 26 is a photograph of a chip including a microcontroller. Table 6 below

shows features of the chip.

[0269]
[Table 6]
Architecture 8-bit CISC
Si FET 0.5
Technology (um) IGZO FET | 0.8
Core size (mm X mm) 4.5x33
Transistor count about 30,000
IGZO FF count 255
CLK freq. (MHz) 25
‘| Si FET 2.5
Power Supply (V) IGZO FET | 3.2
Break even time (us) 4.9

[0270] |
An IGZO FF (FF2) fabricated by 30 nm Si technology is evaluated by
computer calculation. In the FF2, an IGZO FET with L/W = 0.3/0.3 um and a 2-fF

PCT/JP2013/073239
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storage capacitor Cs are used in the shadow memory. These values are set to give the
IGZO FET favorable characteristics but not to cause an area overhead of the IGZO FET.
[0271] |

FIG. 27 is a layout diagram and the sizes of main parts of the FF2. The area
of a Si circuit including MUX and a read circuit is larger by 25 % than that of DFF, that
is, 8.19 um®.  In contrast, the area of the IGZO FET stacked is 0.14 um? and the area of
the capacitor Cs (equivalent oxide thickness , tox = 10 nm) is 0.54 um®, which are both
small. FIG. 28 is a graph showing Vg-Ip characteristics of the
experimentally-fabricated IGZO FET with L/W = 0.3/0.3 um. It is confirmed that the
IGZO FET is normally off when L is 0.3 um and that the off-state current is smaller
than the lower limit of measurement. Note that the thickness of a gate insulating film
in the IGZO FET is 10 nm (tox, equivalent oxide thickness) and the drain voltage (Vp)
at the measurement is 1 V.
[0272]

Table 5 above shows features of the FF2. Write characteristics of 6.4 ns and
3.7 f1 (VDD = 1V and VH = 3V) are obtained by HSPICE (circuit simulator). This
means that the fabricated microcontroller is suitable for power gating having fine
temporal granularity, even when a 30-nm Si technology is used. Note that the write
energy is one order of magnitude smaller than a MTJ component that has been used
recently. The area overhead of the fabricated microcontroller is 5.7 %. In this figure,
the overhead of IGZO FF is 1.7 % and the overhead of PMU is 4.0 %. The area
overhead of a processor such as a microcontroller is decreased as the processor is
further miniaturized. This is because the area overhead of PMU is decreased, as the

CPU is further complicated and further scaled up.

EXPLANATION OF REFERENCE

[0273]

MCLK, TCLK: clock signal, TOIRQ, POIRQ, COIRQ, INT, NMI : interrupt signal,
100, 190, 500 : microcontroller, 101 to 104 : unit, 110 : CPU, 111 : bus bridge,
112 : RAM, 113 : memory interface, 115 : clock generation circuit, 120 : controller,

121 : interrupt controller, 122, 146, 152 : I/O interface, 130 : power gate unit, 131,

PCT/JP2013/073239
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132 : switch circuit, 140 : clock generation circuit, 141 : crystal oscillation circuit,
142 : oscillator, 143 : quartz crystal unit, 145 : timer circuit, 150 : /O port, 151 :
comparator, 161 to 163 : bus line, 164 : data bus line, 170 to 176 : connection
terminal, 180, 183 to 187 : register, FN, FNI1, FN2 : node, 200 : register, 201,
202 : memory circuit, 203, 204, 207 : transistor, 205 : capacitor, 206 : transmission
gate, 209 : inverter, 220 to 224 : inverter, 226 to 228 : transmission gate, 229,
230 : NAND, 300 : microcontroller, 301 : BUS, BL : bit line, RWL : word line,
WWL : word line, 400 : memory cell, 401 to 403 : transistor, 404 : capacitor,
405 : power supply line, 511 to 515, 591, 592 : period, 596 to 598 : process, 800 :
semiconductor substrate, 801 : element isolation insulating film, 802 : p-well, 803,
807 : impurity region, 804, 808 : low concentration impurity region, 805, 809 : gate
electrode, 806, 831 : gate insulating film, 810 to 813, 817 to 820, 822, 823 : wiring,
816, 821, 824, 844, 845 : insulating film, 830 : oxide semiconductor layer, 832, 833,
846 : conductive film, 834 : gate electrode, 835, 836 : sidewall, 860 to 862 :

transistor.

This application is based on Japanese Patent Application serial no.
2012-192956 filed with Japan Patent Office on September 03, 2012, Japanese Patent
Application serial no. 2012-229765 filed with Japan Patent Office on October 17, 2012,
Japanese Patent Applicatio'n serial no. 2013-008407 filed with Japan Patent Office on
January 21, 2013, and Japanese Patent Application serial no. 2013-063267 filed with
Japan Patent Office on March 26, 2013, the entire contents of which are hereby

incorporated by reference.
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CLAIMS

1. A microcontroller comprising:
a timer circuit;
a first register electrically connected to the timer circuit;
a CPU comprising a second register;
a controller; and
a power gate configured to supply power to the timer circuit, the first register,
the CPU, the second register, and the controller,
wherein the microcontroller is capable of being:
a first mode, the first mode being a mode where the timer circuit, the
first register, the CPU, the second register, and the controller operate;
a second mode, the second mode being a mode where the timer circuit,
the first register, and the controller operate; and
| a third mode, the third mode being a mode where the controller
operates,
wherein the microcontroller is configured to shift from the first mode to one of
the second and third modes by the CPU,
wherein the microcontroller is configured to shift from one of the second and
third modes to the first mode by the controller, and
wherein the first register and the second register each comprises:
a first volatile memory; and
a first nonvolatile memory comprising a first transistor, wherein a
channel formation region of the first transistor comprises a first oxide semiconductor

layer.

2. The microcontroller according to claim 1,
wherein the CPU and the second register do not operate in the second mode,

and
wherein the timer circuit, the first register, the CPU, and the second register do

not operate in the third mode.
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3. The microcontroller according to claim 1, further comprising:

an /O port;

a third register electrically connected to the I/O port;

a comparator; and

a fourth register electrically connected to the comparator,

wherein the [/O port, the third register, the comparator, and the fourth register

operate in the first mode, and do not operate in the second and third modes.

4. The microcontroller according to claim 1, further comprisingz.

an interrupt controtler; and .

a fifth register electrically connected to the interrupt controller,

wherein the interrupt controller and the fifth register operate in the first mode,

and do not operate in the second and third modes.

5. The microcontroller according to claim 1, further comprising:
an interrupt controller; and '
a fifth register electrically connected to the interrupt controller,
wherein the interrupt controller and the fifth register operate in the first mode,
and do not operate in the second and third modes, and
wherein the fifth register comprises:
a second volatile memory; and
a second nonvolatile memory comprising a second transistor, wherein
a channel formation region of the second transistor comprises a second oxide

semiconductor layer.

6. The microcontroller according to claim 1, further comprising:

a RAM electrically connected to the CPU,

wherein the RAM comprising a third transistor, and '
wherein a channel formation region of the third transistor comprises a third

oxide semiconductor layer.

7. The microcontroller according to claim 1,
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wherein the timer circuit is configured to output a signal at regular intervals,
and |

wherein the microcontroller is configured to shift from the second mode to the
first mode by the controller in accordance with the signal supplied from the timer

circuit.

8. The microcontroller according to claim 1,

wherein the first nonvolatile memory is configured to back up a data stored in
the first volatile memory before power supply is stopped by the power gate, and

wherein the data backed up in the first nonvolatile memory is written into the

first volatile memory in a case where power supply is started again by the power gate.

9. The microcontroller according to claim 1,
wherein the first oxide semiconductor layer comprises indium, gallium, and

zinc.

10. A microcontroller comprising:
a timer circuit;
a first register electrically connected to the timer circuit;
a CPU comprising a second register;
a controller; and
a power gate configured to supply power to the timer circuit, the first register,
the CPU, the second register, and the controller,
wherein the microcontroller is capable of being:
a first mode, the first mode being a mode where the timer circuit, the
first register, the CPU, the second register, and the controller operate;
a second mode, the second mode being a mode where the timer circuit,
the first register, and the controller operate; and
a third mode, the third mode being a mode where the controller
operates,
wherein the microcontroller is configured to shift from the first mode to one of

the second and third modes by the CPU,
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wherein the microcontroller is configured to shift from one of the second and
third modes to the first mode by the confroller, and
wherein the first register and the second register each comprises:
a first volatile memory; and
a first nonvolatile memory comprising a first transistor and a fourth
transistor, wherein a channel formation region of the first transistor comprises a first
oxide semiconductor layer, and wherein a channel formation region of the fourth

transistor comprises single crystal silicon.

11.  The microcontroller according to claim 10,
wherein the CPU and the second register do not operate in the second mode,

and

wherein the timer circuit, the first register, the CPU, and the second register do

not operate in the third mode.

12.  The microcontroller according to claim 10, further comprising:

an I/O port;

a third register electrically connected to the 1/O port;

a comparator; and _

a fourth register electrically connected to the comparator,

wherein the I/O port, the third register, the comparator, and the fourth register

operate in the first mode, and do not operate in the second and third modes.

13.  The microcontroller according to claim 10, further comprising:
an interrupt controller; and
a fifth register electrically connected to the interrupt controller,

wherein the interrupt controller and the fifth register operate in the first mode,

and do not operate in the second and third modes.

14.  The microcontroller according to claim 10, further comprising:
an interrupt controller; and

a fifth register electrically connected to the interrupt controller,
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wherein the interrupt controller and the fifth register operate in the first mode,
and do not operate in the second and third modes, and
wherein the fifth register comprises:
a second volatile memory; and
a second nonvolatile memory comprising a second transistor, wherein
a channel formation region of the second transistor comprises a second oxide

semiconductor layer.

15.  The microcontroller according to claim 10, further comprising:

a RAM electrically connected to the CPU,

wherein the RAM comprising a third transistor, and

wherein a channel formation region of the third transistor comprises a third

oxide semiconductor layer.

16. The microcontroller according to claim 10,

wherein the timer circuit is configured to output a signal at regular intervals,
and _

wherein the microcontroller is configured to shift from the second mode to the
first mode by the controller in accordance with the signal supplied from the timer

circuit,

17.  The microcontroller according to claim 10,

wherein the first nonvolatile memory is configured to back up a data stored in
the first volatile memory before power supply is stopped by the power gate, and

wherein the data backed up in the first nonvolatile memory is written into the

first volatile memory in a case where power supply is started again by the power gate.

18. The microcontroller according to claim 10,
wherein the first oxide semiconductor layer comprises indium, gallium, and

zinc.
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