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DESCRIPTION 

PROGRAMMABLE LOGIC DEVICE 

5 TECHNICAL FIELD 
[0001] 

The present invention relates to a semiconductor device and particularly to a 
programmable logic device and a semiconductor device including the programmable 
logic device. The present invention also relates to an electronic device including the 

10 semiconductor device. 
BACKGROUND ART 
[0002] 

Unlike a normal integrated circuit in which all circuits are fixed at the time of 
manufacture, a programmable logic device (PLD) is a device that can function with an 

15 intended circuit structure set by a user at the time of actual use after shipment. 

Examples of such devices that are programmable by users are a small-scale 
programmable array logic (PAL) and generic array logic (GAL) and a large-scale 

complex programmable logic device (CPLD) and field programmable gate array 

(FPGA); in this specification, such devices are collectively called a programmable logic 
20 device (hereinafter referred to as PLD). 

[0003] 
PLDs have advantages such as a short development period and flexibility in 

changing design specifications over conventional application specific integrated circuits 
(ASIC). Thus, the use of PLDs for semiconductor devices has been promoted in 

25 recent years. 

[0004] 
A PLD is composed of, for example, a plurality of programmable logic 

elements (also referred to as logic blocks) and wirings between the programmable logic 

elements. A function of the PLD can be changed by changing a function of the 

30 programmable logic elements. Moreover, a function of the PLD can be changed by 
changing an electrical connection relation between programmable logic elements. 

[0005] 
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The programmable logic element is composed of a lookup table (LUT) and a 

multiplexer, for example. A function of the programmable logic element can be 

specified by setting a given value in a memory element that stores data of the lookup 

table. Further, a function of the programmable logic element can be specified by 
5 setting a given value in a memory element that stores information on selection of 

signals input to the multiplexer. 
[0006] 

The wirings between the programmable logic elements are constituted using, 
for example, a connection switch capable of controlling connections between plural 

10 wirings and plural wirings. The electrical connection relation of the wirings between 
the programmable logic elements can be specified by setting a given value in a memory 
element that stores data on the on/off state of the connection switch. 

[0007] 
The aforementioned information including the data of a lookup table, the 

15 information on selection of signals input to a multiplexer, and the data on the on/off 
state of a connection switch is referred to as configuration data, for example. A 

memory element storing configuration data is referred to as a configuration memory. 

Setting configuration data in a configuration memory is called "configuration". In 
particular, setting new configuration data (updating configuration data) in a 

20 configuration memory is called "reconfiguration". The circuit structure of the PLD 
can be changed into a circuit structure suitable for a user's request by producing 

(programming) desired configuration data and performing the configuration. 

[0008] 
The PLD generally performs configuration (static configuration) while the 

25 operation of a semiconductor device including the PLD is stopped. In contrast, to 

further exploit the features of the PLD, a technique of performing configuration 

(dynamic configuration) while the semiconductor device operates has attracted attention. 

Specifically, plural pieces of configuration data corresponding to a plurality of circuit 

structures (contexts) are prepared, and circuit functions are switched. Such a PLD can 
30 be called a multi-context PLD. 

[0009] 
For dynamic configuration in Patent Document 1, each piece of configuration 
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10 

data corresponding to a plurality of circuit structures is stored at a different address in a 

dynamic random access memory (DRAM), and a configuration memory is composed of 
a static random access memory (SRAM). Patent Document 1 suggests a method of 

performing configuration in a short time by reading configuration data on a desired 

circuit structure from the address of the DRAM and writing the configuration data into 

the SRAM, which is the configuration memory. 
[Reference] 

[0010] 
Patent Document 1: Japanese Published Patent Application No. H10-285014 

DISCLOSURE OF INVENTION 

[0011] 
However, with the structure disclosed in Patent Document 1, regular refresh 

operation is required to maintain configuration data in the DRAM, and the power 
15 consumption is increased as a result. Since the DRAM is a volatile memory, it is 

necessary to store data in the DRAM every time the PLD is powered on. For this 
reason, a nonvolatile memory is needed to store configuration data. In addition, a step 

of transferring a large volume of data from the nonvolatile memory to the DRAM is 
required every time the PLD is powered on; thus, the startup time is increased. 

20 [0012] 
In the case where an SRAM is used as the configuration memory, at least four 

transistors are required, which leads to a significant increase in the number of elements 
in the entire PLD and an increase in the circuit area. 

[0013] 

25 In view of the above, an object of one embodiment of the present invention is 

to provide a low power consumption PLD that achieves high-speed configuration 
capable of dynamic configuration and has a short startup time. 

[0014] 

Another object is to provide a PLD with a smaller circuit area than a PLD using 
30 an SRAM as a configuration memory. 

[0015] 

In light of the above objects, one embodiment of the present, invention provides 
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a high-performance PLD that can be reconfigured during the operation with a smaller 

number of transistors per bit and a shorter time necessary to switch configuration data, 

as a PLD including a nonvolatile memory capable of storing plural pieces of 

configuration data. 

5 [0016] 
The nonvolatile memory holds and stores configuration data by controlling the 

amount of charge at a storage node with a transistor having extremely low off-state 

current. With this structure, charge can be held, and a nonvolatile memory can be 
easily achieved. 

10 [0017] 
Specifically, the transistor included in the nonvolatile memory includes, in its 

channel formation region, a semiconductor material having a wider band gap and lower 
intrinsic carrier density than silicon. With a channel formation region including a 
semiconductor material having such characteristics, a transistor with extremely low 

15 off-state current can be achieved. Examples of such a semiconductor material are an 
oxide semiconductor, silicon carbide, and gallium nitride, which have a band gap about 

three times as wide as that of silicon. A transistor including the above semiconductor 

material can have much lower off-state current than a transistor including a normal 
semiconductor material such as silicon or germanium. 

20 [0018] 
One embodiment of the present invention is a programmable logic device that 

includes a plurality of programmable logic elements arranged in an array, and a switch 
configured to select electrical connection between the programmable logic elements. 
The switch includes a plurality of groups each of which includes a first transistor 

25 including an oxide semiconductor layer in which a channel is formed, a node that 

becomes floating when the first transistor is turned off, and a second transistor in which 

electrical conduction between a source and a drain is determined based on configuration 

data held at the node. The second transistors included in the groups are electrically 

connected in parallel with each other. Selecting one of the groups sets the on/off state 
30 of the switch and sets electrical conduction between the programmable logic elements. 

[0019] 
In one embodiment of the present invention, specifically, each of the plurality 
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of groups is configured as follows, for example. A gate of the first transistor is 
electrically connected to a first wiring. One of a source and a drain of the first 
transistor is electrically connected to a second wiring. The other of the source and the 

drain of the first transistor is electrically connected to a gate of the second transistor and 
5 one of a pair of electrodes of a capacitor. One of the source and the drain of the second 

transistor is electrically connected to an input terminal of the switch. The other of the 
source and the drain of the second transistor is electrically connected to an output 
terminal of the switch. The other of the pair of electrodes of the capacitor is 
electrically connected to a third wiring. 

10 [0020] 
In one embodiment of the present invention, the programmable logic element 

may include a circuit configured to input an enable signal to an output terminal of the 
programmable logic element. 

[0021] 
15 According to one embodiment of the present invention, it is possible to provide 

a low power consumption PLD that achieves high-speed configuration capable of 
dynamic configuration and has short startup time. 

[0022] 
Moreover, it is possible to provide a PLD that has a smaller number of 

20 transistors or a smaller circuit area than a PLD using an SRAM as a configuration 
memory. 

BRIEF DESCRIPTION OF DRAWINGS 

[0023] 
25 In the accompanying drawings: 

FIGS. 1A and IB are circuit diagrams illustrating one embodiment of a 
semiconductor device; 

FIG. 2 is a circuit diagram illustrating one embodiment of a semiconductor 
device; 

30 FIG. 3 is a circuit diagram illustrating one embodiment of a semiconductor 
device; 

FIG. 4 is a timing chart illustrating one embodiment of a circuit operation; 
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FIG. 5 is a circuit diagram illustrating one embodiment of a semiconductor 
device; 

FIG. 6 is a timing chart illustrating one embodiment of a circuit operation; 

FIG. 7 is a circuit diagram illustrating one embodiment of a semiconductor 
5 device; 

FIG. 8 is a circuit diagram illustrating one embodiment of a semiconductor 
device; 

FIG. 9 is a circuit diagram illustrating one embodiment of a semiconductor 
device; 

10 FIG. 10 is a timing chart illustrating one embodiment of a circuit operation; 
FIG. 11 is a circuit diagram illustrating one embodiment of a semiconductor 

device; 

. FIGS. 12A to 12C are circuit diagrams illustrating one embodiment of a 
semiconductor device; 

15 FIGS. 13A to 13C are circuit diagrams each illustrating one embodiment of a 
semiconductor device; 

FIG. 14 is a cross-sectional view illustrating one embodiment of a 
semiconductor device; 

FIGS. 15A to 15F each illustrate an electronic device; 

20 FIG. 16 illustrates circuit diagrams of cells and timing charts; and 
FIG. 17 shows a relation between overdrive voltage and delay time. 

BEST MODE FOR CARRYING OUT THE INVENTION 
[0024] 

25 Hereinafter, embodiments of the invention disclosed in this specification will 

be described in detail with reference to the accompanying drawings. Note that the 

invention disclosed in this specification is not limited to the following description, and 

it is easily understood by those skilled in the art that modes and details can be variously 

changed without departing from the spirit and scope of the invention. The invention 
30 disclosed in this specification is not construed as being limited to the description of the 

following embodiments. 
[0025] 
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Note that ordinal numbers such as first and second are used for convenience 

and do not indicate a unique name as an item for specifying the invention in this 

specification. 
[0026] 

5 The terms "electrically connected" and "electrical connection" include the case 
where components are connected through an object having any electric function. 
There is no particular limitation on an object having any electric function as long as 
electric signals can be transmitted and received between the components connected 
through the object. Examples of an object having any electric function are a switching 

10 element such as a transistor, a resistor, an inductor, a capacitor, and an element with a 
variety of functions as well as an electrode and a wiring. 

[0027] 
Note that a semiconductor device of the present invention includes, in its 

category, a variety of semiconductor integrated circuits formed using semiconductor 
15 elements, such as microprocessors, image processing circuits, controllers for 

semiconductor display devices, digital signal processors (DSPs), and microcontrollers. 
The semiconductor device of the present invention also includes, in its category, various 
devices such as RF tags formed using any of the above semiconductor integrated 
circuits and semiconductor display devices. The semiconductor display device 

20 includes, in its category, liquid crystal display devices, light-emitting devices in which a 
light-emitting element typified by an organic light-emitting diode (OLED) is provided 
for each pixel, electronic paper, digital micromirror devices (DMDs), plasma display 
panels (PDPs), field emission displays (FEDs), and other semiconductor display devices 

in which a semiconductor element is included in a driver circuit. 
25 [0028] 

(Embodiment 1) 
In Embodiment 1, one embodiment of a PLD will be described with reference 

to FIGS. 1A and IB, FIG. 2, FIG. 3, and FIG. 4. 

[0029] 
30 FIG. 1A conceptually illustrates part of a logic array in the PLD. A logic array 

101 includes a plurality of programmable logic elements 102 arranged in an array (the 
programmable logic element is denoted, by PLE. in FIG 1A). .. Here, the term "arranged 
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in an array" means that the programmable logic elements are arranged at regular 

intervals, and the arrangement is not limited to that illustrated in FIG. 1 A. 

[0030] 
A plurality of wirings are formed to surround the programmable logic elements 

5 102. In FIG. 1 A, these wirings consist of a plurality of horizontal wiring groups 103a 

and a plurality of vertical wiring groups 103b. A wiring group is a bundle of wirings, 
and for example is a bundle of four wirings as illustrated in FIG. 1 A. A switch box 104 

is provided at an intersection of the horizontal wiring group 103a and the vertical wiring 
group 103b. The horizontal wiring groups 103a and the vertical wiring groups 103b 

10 are electrically connected to output terminals 105 to transmit and receive signals to and 
from a circuit provided outside the logic array 101. 

[0031] 
Input terminals and output terminals of the plurality of programmable logic 

elements 102 are electrically connected to the horizontal wiring groups 103a and the 

15 vertical wiring groups 103b provided around the programmable logic elements 102. 

For example, the programmable logic elements 102 illustrated in FIG. 1A each have 
four terminals on each of the left, right, top, and bottom sides, and the upper and left 

terminals can serve as input terminals and the right and lower terminals can serve as 
output terminals. With the use of these input and output terminals, each of the 

20 programmable logic elements 102 can be electrically connected to another 
programmable logic element 102. 

[0032] 
An electrical connection relation between a given programmable logic element 

102 and another programmable logic element 102 is determined by a programmable 

25 switch provided in the switch box 104. FIG. IB is an enlarged view of the switch box 

104. For example, when the horizontal wiring group 103a and the vertical wiring 

group 103b each consist of four wirings, there are 16 intersections of the horizontal 

wiring group 103 a and the vertical wiring group 103 b. If a switch group 106 is 
provided at all the intersections, there are significant disadvantages such as signal delay, 

30 increase in chip area, and increase in cost. In view of these disadvantages, for example, 

as illustrated in FIG. IB, the switch group 106 is provided only at intersections placed 
diagonally among the 16 intersections. In other words, in one switch box 104, one 
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horizontal wiring has only one switch group 106 which is shared with only one vertical 

wiring. 
[0033] 

The switch group 106 is composed of a plurality of switches. FIG. 2 
5 illustrates a structure of the switch group 106. The switch group 106 is provided at an 

intersection of one wiring 111 included in the horizontal wiring group 103a and one 
wiring 110 included in the vertical wiring group 103b in FIG. IB. The switch group 
106 has a function of controlling connection of the wiring 111 and the wiring 110. 
Specifically, the switch group 106 includes switches 112 to 117. The switch 112 has a 

10 function of controlling electrical connection between a point A of the wiring 110 and a 
point C of the wiring 111. The switch 113 has a function of controlling electrical 

connection between a point B of the wiring 110 and the point C of the wiring 111. The 
switch 115 has a function of controlling electrical connection between the point A of the 

wiring 110 and a point D of the wiring 111. The switch 114 has a function of 
15 controlling electrical connection between the point B of the wiring 110 and the point D 

of the wiring 111. The switch 116 has a function of controlling electrical connection 
between the point A and the point B of the wiring 110. The switch 117 has a function 

of controlling electrical connection between the point C and the point D of the wiring 

111. 
20 [0034] 

The switches 112 to 117 each store configuration data, and the on/off state of 

each of the switches 112 to 117 is selected in accordance with the configuration data. 

[0035] 
(Structure of Switch 200) 

25 FIG. 3 illustrates a switch 200 in this embodiment. The switch 200 

corresponds to each of the switches 112 to 117 in FIG. 2 and controls connection 
between a programmable logic element 212 (denoted by PLE1 in FIG. 3) and a 

programmable logic element 218 (denoted by PLE2 in FIG. 3) in a PLD. Each of the 

programmable logic elements 212 and 218 corresponds to one of the plurality of 
30 programmable logic elements 102 in FIG. 1 and includes a combinational circuit, a 

flip-flop, a logic element, and/or the like. A combinational circuit is composed of a 
lookup table, an AND-OR circuit, or the like and can be reconfigured in accordance 
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with configuration data. For example, in FIG. 3, the programmable logic element 212 

includes a lookup table 213, a flip-flop 214, and an AND circuit 215, and the 

programmable logic element 218 includes a lookup table 219, a flip-flop 220, and an 

AND circuit 221. The same clock signal is input to the flip-flops 214 and 220 from a 
5 wiring 216 and used for synchronization of the programmable logic elements 212 and 

218. The same enable signal is input to the AND circuits 215 and 221 from a wiring 

217. 
[0036] 

The switch 200 is composed of a circuit having three groups each including a 
10 first transistor, a second transistor, and a capacitor. .For the first transistor, a 

semiconductor material that has a wider band gap and lower intrinsic carrier density 
than silicon is used. An example of such a material is an oxide semiconductor. In 
FIG. 3, the symbol "OS" representing an oxide semiconductor is given below the 
transistors in which an oxide semiconductor is employed. An oxide semiconductor is 

15 used for a channel formation region of the first transistor. Meanwhile, the second 
transistor is preferably a transistor that uses a semiconductor material such as silicon, 

for example, for a channel formation region and thus can operate at higher speed than 

the first transistor. In this embodiment, the second transistor is specifically an 
n-channel transistor. 

20 [0037] 
As illustrated in FIG. 3, the switch 200 specifically includes first transistors 

201a, 201b, and 201c, second transistors 202a, 202b, and 202c, and capacitors 204a, 
204b, and 204c. Gates of the first transistors 201a, 201b, and 201c are electrically 
connected to respective wirings 206a, 206b, and 206c. A write signal is input to the 

25 wirings 206a to 206c. Sources of the first transistors 201a to 201c are electrically 

connected to a common wiring 207. A write data signal is input to the wiring 207. 

Drains of the first transistors 201a, 201b, and 201c are electrically connected to 

respective gates of the second transistors 202a, 202b, and 202c. The drains of the first 
transistors 201a, 201b, and 201c are also electrically connected to one of a pair of 

30 electrodes of the capacitor 204a, one of a pair of electrodes of the capacitor 204b, and 

one of a pair of electrodes of the capacitor 204c, respectively. The second transistors 
202a to 202c are electrically connected in parallel with each other. That is, sources of 
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the second transistors 202a to 202c are connected to each other, and drains of the second 

transistors 202a to 202c are connected to each other. The sources of the second 
transistors 202a to 202c are electrically connected to an output terminal of the 

programmable logic element 212 through a wiring 210. The drains of the second 
5 transistors 202a to 202c are electrically connected to an input terminal of the 

programmable logic element 218 through a wiring 211. The other of the pair of 
electrodes of the capacitor 204a is electrically connected to a wiring 205a to which a 
selection signal is input. The other of the pair of electrodes of the capacitor 204b is 
electrically connected to a wiring 205b to which a selection signal is input. The other 

10 of the pair of electrodes of the capacitor 204c is electrically connected to a wiring 205c 
to which a selection signal is input. Here, points where the drains of the first 
transistors 201a, 201b, and 201c are electrically connected to the respective gates of the 
second transistors 202a, 202b, and 202c and the respective electrodes of the capacitors 

204a, 204b, and 204c are respectively referred to as nodes 203a, 203b, and 203c. 
15 Configuration data is stored at the nodes 203a to 203c. 

[0038] 

In this manner, the switch 200 in this embodiment consists of three groups 230, 

231, and 232 each including the first and second transistors and the capacitor. 
[0039] 

20 An output signal of the programmable logic element 212 is output to the wiring 
210, supplied to the wiring 211 through the switch 200, and input to the programmable 
logic element 218. 
[0040] 

When the potentials of the wirings 206a to 206c are set high ("H") and a 
25 potential corresponding to "H" or low ("L") is supplied to the wiring 207, charges 

corresponding to the potential of the wiring 207 can be stored at the nodes 203a to 203c, 

respectively. Note that at this time, at least one of the wirings 210 and 211 is 

preferably set "L". 
[0041] 

30 Here, with the use of a transistor with extremely low off-state current as the 

first transistors 201a to 201c, the charge stored at the nodes 203a to 203c can be kept 
constant while the wirings 206a to 206c are at "L". That is, inputted data can be stored. 
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When the wirings 206a to 206c are set "L" and the wirings 205a to 205c are set "H", the 

on/off states of the second transistors 202a to 202c are changed in accordance with the 
charge stored at the respective nodes 203a to 203c. In other words, by selecting one of 

the wirings 205a to 205c, the on/off state of the switch 200 can be switched instantly in 

5 accordance with the charge stored at the node 203a, the node 203b, or the node 203c. 
[0042] 

Here, when the charge stored at the nodes 203a, 203b, and 203c are related to 

first configuration data, second configuration data, and third configuration data, 
respectively, configuration data can be switched by switching between the wirings 205a, 

10 205b, and 205c. 
[0043] 

Such a structure can reduce time for reading data from a memory device that 
stores plural pieces of configuration data. Consequently, the PLD in which 
configuration data can be switched at high speed can be provided. 

15 [0044] 
A latch is preferably provided at the wiring 211 because when a signal passes 

through the switch 200, the potential of the signal is sometimes lowered depending on 

the resistance of the switch. The latch can be composed of an inverter and a pull-up 
transistor. 

20 [0045] 
FIG. 3 illustrates the case where one switch is provided between the 

programmable logic elements; alternatively, a plurality of switches can be connected in 
series between the programmable logic elements. Alternatively, a cross-point switch 
that controls connection between plural wirings and plural wirings can be formed by 

25 applying this structure. In the case where a signal passes through a plurality of 
switches, the potential of the signal is sometimes lowered depending on the resistance 
of the switches. 

[0046] 

As an example, FIG. 12A illustrates the case where a plurality of switches are 

30 provided between programmable logic elements. By setting configuration data, the 

upper-left programmable logic element 102 can be electrically connected to the 
lower-right programmable logic element 102, for example. In this case, these 
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programmable logic elements 102 are electrically connected to each other through three 

switch boxes 104; thus, a signal passes through at least three switches connected in 
series. Therefore, in order to prevent the decrease in potential of the signal due to the 

switch resistance, latches are preferably positioned at every predetermined number of 
5 switches. 

[0047] 

As illustrated in FIG. 12B, the latch can be configured by electrically 
connecting an output terminal of an inverter 52 to an input terminal of a pull-up 
transistor 51. Moreover, as illustrated in FIG. 12C, the latch can be configured by 

10 connecting an output terminal of an inverter 54 to an input terminal of an inverter 53 
and connecting an input terminal of the inverter 54 to an output terminal of the inverter 

53. 
[0048] 
(Operation of Switch 200) 

15 Next, an example of a method of operating the switch 200 illustrated in FIG. 3 
will be described with reference to a timing chart in FIG. 4. 
[0049] 

Here, as an example, the potentials of the wirings 206a to 206c at "H" are +V 

and the potentials of the wirings 206a to 206c at "L" are -V. The potentials of the 

20 wirings 205a to 205c at "H" are +V and the potentials of the wirings 205a to 205c at "L" 

are 0. The potential of the wiring 207 at "H" is +V and the potential of the wiring 207 

at "L" is 0. The potentials of the wirings 210, 211, 216, and 217 at "H" are +V and the 
potentials of the wirings 210, 211, 216, and 217 at "L" are 0. 

[0050] 

25 As an initial state, the case where the wiring 205c is at "H" and the potential of 

the node 203c is +V is considered. In other words, the on/off state of the switch 200 is 

determined in accordance with the third configuration data, and the switch 200 is on in 

the initial state. Further, the potentials of the nodes 203a and 203b are -V in the initial 

state. 
30 [0051] 

First, write of configuration data (time T1 to time T6) is described. 
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[0052] 
At the time T2, the wirings 206a and 205a are set "H", the wiring 217 is set "L", 

and the wiring 207 is "L". At this time, the potential of the node 203a becomes 0; this 
potential corresponds to a potential for turning off the switch 200. That is, this state 

5 corresponds to a state where the switch 200 stores "L" as the first configuration data. 

Note that the output of the programmable logic element 212 is "L". 
[0053] 

At the time T3, the wirings 206a and 205a are set "L". At this time, the 

potential of the node 203a becomes -V. 

10 [0054] 

At the time T5, the wirings 206b and 205b are set "H", the wiring 217 is set "L", 

and the wiring 207 is "H". At this time, the potential of the node 203b becomes +V; 

this potential corresponds to a potential for turning on the switch 200. That is, this 
state corresponds to a state where the switch 200 stores "H" as the second configuration 

15 data. Note that the output of the programmable logic element 212 is "L". 
[0055] 

At the time T6, the wirings 206b and 205b are set "L". At this time, the 
potential of the node 203b becomes 0. 

[0056] 

20 Note that it is preferable that write of configuration data be finished in a time as 
short as possible and as soon as possible after the time T1 and the time T4 each of 

which is the time of a positive edge of the clock signal input to the wiring 216. 
Specifically, it is preferable that write of configuration data be started after a hold time 
of the flip-flop passes from the time T1 and the time T4. With such a structure, 

25 configuration data can be rewritten without disturbing the operation of the PLD. 
[0057] 

Next, switching of configuration data (time T7 to time T10) is described. 
[0058] 

At the time T8, the wiring 205a is set "H", and the wiring 205c is set "L". At 
30 this time, the potential of the node 203a becomes 0, and the potential of the node 203c 

becomes 0. Thus, the switch 200 is turned off, which means that switching to the first 
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configuration data is completed. 

[0059] 
At the time T10, the wiring 205a is set "L", and the wiring 205b is set "H". At 

this time, the potential of the node 203a becomes -V, and the potential of the node 203b 

5 becomes +V. Thus, the switch 200 is turned on, which means that switching to the 

second configuration data is completed. 

[0060] 
Note that it is preferable that switching of configuration data be performed as 

soon as possible after the time T7 and the time T9 each of which is the time of a positive 
10 edge of the clock signal input to the wiring 216. Specifically, it is preferable that 

switching of configuration data be performed after a hold time of the flip-flop passes 
from the time T7 and the time T9. With such a structure, configuration data can be 
switched without impairing the operation of the PLD. 
[0061] 

15 With the above-described structure, it is possible to provide a low power 

consumption PLD that achieves high-speed configuration capable of dynamic 
configuration and has a short startup time. 
[0062] 

In the method of operating the switch 200 in FIG. 4, the potentials of the 
20 wirings 205a to 205c are changed to write configuration data into the nodes 203a to 

203c. However, configuration data can be written without change in the potentials of 
the wirings 205a to 205c when the gate capacitance of the second transistors 202a to 

202c is sufficiently larger than the source-gate capacitance and drain-gate capacitance or 
when an additional storage capacitor is electrically connected to the gates of the second 

25 transistors 202a to 202c and the gate capacitance and storage capacitance are 

sufficiently larger than the source-gate capacitance and drain-gate capacitance. 

[0063] 
Further, in the method of operating the switch 200 in FIG. 4, an enable signal 0 

is input to the wiring 217 (the output of the programmable logic element 212 is 0) to 
30 write configuration data into the nodes 203a to 203c. However, configuration data can 

be written with the enable signal input to the wiring 217 remaining at 1 (without setting 
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the output of the programmable logic element 212 at 0) when the gate capacitance of the 

second transistors 202a to 202c is sufficiently larger than the source-gate capacitance 
and drain-gate capacitance or when an additional storage capacitor is electrically 

connected to the gates of the second transistors 202a to 202c and the gate capacitance 

5 and storage capacitance are sufficiently larger than the source-gate capacitance and 
drain-gate capacitance. 

[0064] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 

10 [0065] 
(Embodiment 2) 

In Embodiment 2, a switch 300 in which the n-channel second transistors used 
in the switch 200 shown in Embodiment 1 are replaced with p-channel second 
transistors will be described with reference to FIG. 5 and FIG. 6. 

15 [0066] 
(Structure of Switch 300) 

FIG. 5 illustrates the switch 300 in this embodiment. The switch 300 

corresponds to each of the switches 112 to 117 in FIG. 2 and its structure is the same as 

that of the switch 200 described in Embodiment 1 except that the n-channel second 
20 transistors 202a to 202c are replaced with transistors with opposite polarity, that is, 

p-channel second transistors 302a to 302c. 

[0067] 
The switch 300 controls connection between a programmable logic element 

312 and a programmable logic element 318 in a PLD. Each of the programmable logic 

25 elements 312 and 318 corresponds to one of the plurality of programmable logic 

elements 102 in FIG. 1. For example, in FIG. 5, the programmable logic element 312 
can be composed of a lookup table 313, a flip-flop 314, and an AND circuit 315, and the 

programmable logic element 318 can be composed of a lookup table 319, a flip-flop 320, 
and an AND circuit 321. 

30 [0068] 
Like the switch 200 described in Embodiment 1, the switch 300 is composed of 

a circuit having three groups each including a first transistor, a second transistor, and a 
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capacitor. For the first transistor, a semiconductor material that has a wider band gap 

and lower intrinsic carrier density than silicon is used. An oxide semiconductor is 

used for a channel formation region of the first transistor. Meanwhile, the second 
transistor is preferably a transistor that uses a semiconductor material such as silicon, 

5 for example, for a channel formation region and thus can operate at higher speed than 

the first transistor. In this embodiment, the second transistor is specifically a p-channel 

transistor. 
[0069] 

As illustrated in FIG. 5, the switch 300 specifically includes first transistors 
10 301a, 301b, and 301c, second transistors 302a, 302b, and 302c, and capacitors 304a, 

304b, and 304c. Gates of the first transistors 301a, 301b, and 301c are electrically 
connected to respective wirings 306a, 306b, and 306c. A write signal is input to the 
wirings 306a to 306c. Sources of the first transistors 301a to 301c are electrically 
connected to a common wiring 307. A write data signal is input to the wiring 307. 

15 Drains of the first transistors 301a, 301b, and 301c are electrically connected to 
respective gates of the second transistors 302a, 302b, and 302c. The drains of the first 
transistors 301a, 301b, and 301c are also electrically connected to one of a pair of 

electrodes of the capacitor 304a, one of a pair of electrodes of the capacitor 304b, and 
one of a pair of electrodes of the capacitor 304c, respectively. The p-channel second 

20 transistors 302a to 302c are electrically connected in parallel with each other. That is, 
sources of the second transistors 302a to 302c are connected to each other, and drains of 
the second transistors 302a to 302c are connected to each other. The sources of the 
second transistors 302a to 302c are electrically connected to an output terminal of the 
programmable logic element 312 through a wiring 310. The drains of the second 

25 transistors 302a to 302c are electrically connected to an input terminal of the 

programmable logic element 318 through a wiring 311. The other of the pair of 
electrodes of the capacitor 304a is electrically connected to a wiring 305a to which a 

selection signal is input. The other of the pair of electrodes of the capacitor 304b is 
electrically connected to a wiring 305b to which a selection signal is input. The other 

30 of the pair of electrodes of the capacitor 304c is electrically connected to a wiring.305c 

to which a selection signal is input. Here, points where the drains of the first 
transistors 301a, 301b, and 301c are electrically connected to. the respective gates of the 
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second transistors 302a, 302b, and 302c and the respective electrodes of the capacitors 

304a, 304b, and 304c are respectively referred to as nodes 303a, 303b, and 303c. 
Configuration data is stored at the nodes 303a to 303c. 
[0070] 

5 In this manner, the switch 300 in this embodiment consists of three groups 330, 
331, and 332 each including the first and second transistors and the capacitor. 
[0071] 

An output signal of the programmable logic element 312 is output to the wiring 
310, supplied to the wiring 311 through the switch 300, and input to the programmable 

10 logic element 318. 
[0072] 

When the potentials of the wirings 306a to 306c are set high ("H") and a 
potential corresponding to "H" or low ("L") is supplied to the wiring 307, charges 

corresponding to the potential of the wiring 307 can be stored at the nodes 303a to 303c, 
15 respectively. Note that at this time, at least one of the wirings 310 and 311 is 

preferably set "L". 
[0073] 

Here, with the use of a transistor with extremely low off-state current as the 
first transistors 301a to 301c, the charge stored at the nodes 303a to 303c can be kept 

20 constant while the wirings 306a to 306c are at "L". That is, inputted data can be stored. 
When the wirings 306a to 306c are set "L" and the wirings 305a to 305c are set "L", the 

on/off states of the second transistors 302a to 302c are changed in accordance with the 
charge stored at the respective nodes 303a to 303c. In other words, by selecting one of 

the wirings 305a to 305c, the on/off state of the switch 300 can be switched instantly in 
25 accordance with the charge stored at the node 303a, the node 303b, or the node 303c. 

[0074] 

Here, when the charge stored at the nodes 303a, 303b, and 303c are related to 

first configuration data, second configuration data, and third configuration data, 
respectively, configuration data can be switched by switching between the wirings 305a, 

30 305b, and 305c. 

[0075] 
Such a structure can reduce time for reading data from a memory device that 
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stores plural pieces of configuration data. Consequently, the PLD in which 
configuration data can be switched at high speed can be provided. 
[0076] 

When a signal passes through the switch 300, the potential of the signal is 
5 sometimes lowered depending on the resistance of the switch. Latches for preventing 

the potential decrease can be arranged as described in Embodiment 1. 
[0077] 

(Operation of Switch 300) 
Next, an example of a method of operating the switch 300 illustrated in FIG. 5 

10 will be described with reference to a timing chart in FIG. 6. 
[0078] 

Here, as an example, the potentials of the wirings 306a to 306c at "H" are +V 

and the potentials of the wirings 306a to 306c at "L" are 0. The potentials of the 

wirings 305a to 305c at "H" are +V and the potentials of the wirings 305a to 305c at "L" 

15 are 0. The potential of the wiring 307 at "H" is +V and the potential of the wiring 307 

at "L" is 0. The potentials of the wirings 310, 311, 316, and 317 at "H" are +V and the 

potentials of the wirings 310, 311, 316, and 317 at "L" are 0. 
[0079] 

As an initial state, the case where the wiring 305c is at "L" and the potential of 
20 the node 303c is 0 is considered. In other words, the on/off state of the switch 300 is 

determined in accordance with the third configuration data, and the switch 300 is on in 

the initial state. Further, the potentials of the nodes 303a and 303b are +2 V in the 

initial state. 
[0080] 

25 First, write of configuration data (time T1 to time T6) is described. 

[0081] 
At the time T2, the wiring 306a is set "H", the wiring 305a is set "L", the 

wiring 317 is set "L", and the wiring 307 is "H". At this time, the potential of the node 

303a becomes +V; this potential corresponds to a potential for turning off the switch 

30 300. That is, this state corresponds to a state where the switch 300 stores "H" as the 

first configuration data. Note that the output of the programmable logic element 312 is 
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"L". 
[0082] 

At the time T3, the wiring 306a is set "L" and the wiring 305a is set "H". At 

this time, the potential of the node 303a becomes +2 V. 

5 [0083] 
At the time T5, the wiring 306b is set "H", the wiring 305b is set "L", the 

wiring 317 is set "L", and the wiring 307 is "L". At this time, the potential of the node 
303b becomes 0; this potential corresponds to a potential for turning on the switch 300. 
That is, this state corresponds to a state where the switch 300 stores "H" as the second 

10 configuration data. Note that the output of the programmable logic element 312 is "L". 
[0084] 

At the time T6, the wiring 306b is set "L" and the wiring 305b is set "H". At 

this time, the potential of the node 303b becomes +V. 

[0085] 

15 Note that it is preferable that write of configuration data be finished in a time as 
short as possible and as soon as possible after the time T1 and the time T4 each of 

which is the time of a positive edge of the clock signal input to the wiring 316. 
Specifically, it is preferable that write of configuration data be started after a hold time 

of the flip-flop passes from the time T1 and the time T4. With such a structure, 
20 configuration data can be rewritten without disturbing the operation of the PLD. 

[0086] 
Next, switching of configuration data (time T7 to time T10) is described. 

[0087] 
At the time T8, the wiring 305a is set "L", and the wiring 305c is set "H". At 

25 this time, the potential of the node 303a becomes +V, and the potential of the node 303c 

becomes +V. Thus, the switch 300 is turned off, which means that switching to the 

first configuration data is completed. 

[0088] 

At the time T10, the wiring 305a is set "H", and the wiring 305b is set "L". At 

30 this time, the potential of the node 303a becomes +2 V, and the potential of the node 

303b becomes 0. Thus, the switch 300 is turned on, which means that switching to the 
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second configuration data is completed. 

[0089] 
Note that it is preferable that switching of configuration data be performed as 

soon as possible after the time T7 and the time T9 each of which is the time of a positive 
5 edge of the clock signal input to the wiring 316. Specifically, it is preferable that 

switching of configuration data be performed after a hold time of the flip-flop passes 
from the -time T7 and the time T9. With such a structure, configuration data can be 

switched without disturbing the operation of the PLD. 
[0090] 

10 With the above-described structure, it is possible to provide a low power 
consumption PLD that achieves high-speed configuration capable of dynamic 

configuration and has a short startup time. 

[0091] 

It is worth noting that a potential of "-V" is not needed in the switch 300 of 

15 this embodiment because the second transistor is a p-channel transistor. For this 
reason, the number of power supply voltages can be reduced as compared to the switch 

200 described in Embodiment 1. On the other hand, since a p-channel transistor is 
used as the second transistor in the switch 300, there is generally a possibility that the 

switching speed of the switch 300 is lower than that of the switch 200 including the 

20 n-channel second transistor described in Embodiment 1. Accordingly, it is preferable 
to select the switch 200 or the switch 300 as appropriate depending on the intended use. 

[0092] 
In the method of operating the switch 300 in FIG. 6, the potentials of the 

wirings 305a to 305c are changed to write configuration data into the nodes 303a to 

25 303c. However, configuration data can be written without change in the potentials of 
the wirings 305a to 305c when the gate capacitance of the second transistors 302a to 

302c is sufficiently larger than the source-gate capacitance and drain-gate capacitance or 

when an additional storage capacitor is electrically connected to the gates of the second 
transistors 302a to 302c and the gate capacitance and storage capacitance are 

30 sufficiently larger than the source-gate capacitance and drain-gate capacitance. 

[0093] 
Further, in the method of operating the switch 300 in FIG. 6, an enable signal 0 
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is input to the wiring 317 (the output of the programmable logic element 312 is 0) to 

write configuration data into the nodes 303a to 303c. However, configuration data can 
be written with the enable signal input to the wiring 317 remaining at 1 (without setting 

the output of the programmable logic element 312 at 0) when the gate capacitance of the 

5 second transistors 302a to 302c is sufficiently larger than the source-gate capacitance 

and drain-gate capacitance or when an additional storage capacitor is electrically 

connected to the gates of the second transistors 302a to 302c and the gate capacitance 
and storage capacitance are sufficiently larger than the source-gate capacitance and 
drain-gate capacitance. 

10 [0094] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0095] 
(Embodiment 3) 

15 Embodiment 1 shows the switch 200 using three groups each including a first 
transistor, a second transistor, and a capacitor, whereas Embodiment 3 will explain a 
switch 400 including at least three groups (hereinafter refeited to as N groups, where N 
is an integer of 3 or more) of these elements with reference to FIG. 7. 
[0096] 

20 The switch 400 corresponds to each of the switches 112 to 117 in FIG. 2 and 
controls connection between a programmable logic element 412 and a programmable 

logic element 418 in a PLD. Each of the programmable logic elements 412 and 418 
corresponds to one of the plurality of programmable logic elements 102 in FIG. 1. For 

example, in FIG 7, the programmable logic element 412 can be composed of a lookup 

25 table 413, a flip-flop 414, and an AND circuit 415, and the programmable logic element 
418 can be composed of a lookup table 419, a flip-flop 420, and an AND circuit 421. 
[0097] 

As in the switch 200 described in Embodiment 1, the first transistor in the 
switch 400 uses a semiconductor material that has a wider band gap and lower intrinsic 

30 carrier density than silicon. An oxide semiconductor is used for a channel formation 
region of the first transistor. Meanwhile, the second transistor is preferably a transistor 
that uses a semiconductor material such as silicon, for example, for a channel formation 



23 

region and thus can operate at" higher speed than the first transistor. In this 
embodiment, the second transistor is specifically an n-channel transistor. 

[0098] 

As illustrated in FIG. 7, the switch 400 specifically includes a first transistor 
5 401a in the first group, a first transistor 401b in the second group, and a first transistor 

40In in the iV-th group (first transistors in the third to (AM)th groups are not shown); a 

second transistor 402a in the first group, a second transistor 402b in the second group, 

and a second transistor 402n in the iV-th group (second transistors in the third to (TV-l)th 

groups are not shown); and a capacitor 404a in the first group, a capacitor 404b in the 

10 second group, and a capacitor 404n in the vV-th group (capacitors in the third to (iV-l)th 

groups are not shown). 

[0099] 
Gates of the first transistors 401a, 401b, and 40In are electrically connected to 

respective wirings 406a, 406b, and 406n. A write signal is input to the wirings 406a, 
15 406b, and 406n. Sources of the first transistors 401a, 401b, and 40In are electrically 

connected to a common wiring 407. A write data signal is input to the wiring 407. 
Drains of the first transistors 401a, 401b, and 401n are electrically connected to 

respective gates of the second transistors 402a, 402b, and 402n. The drains of the first 
transistors 401a, 401b, and 40In are also electrically connected to one of a pair of 

20 electrodes of the capacitor 404a, one of a pair of electrodes of the capacitor 404b, and 
one of a pair of electrodes of the capacitor 404n, respectively. The p-channel second 

transistors 402a, 402b, and 402n are electrically connected in parallel with each other. 
That is, sources of the second transistors 402a, 402b, and 402n are connected to each 
other, and drains of the second transistors 402a, 402b, and 402n are connected to each 

25 other. The sources of the second transistors 402a, 402b, and 402n are electrically 
connected to an output terminal of the programmable logic element 412 through a 
wiring 410. The drains of the second transistors 402a, 402b, and 402n are electrically 

connected to an input terminal of the programmable logic element 418 through a wiring 
411. The other of the pair of electrodes of the capacitor 404a is electrically connected 

30 to a wiring 405a to which a read signal is input. The other of the pair of electrodes of 
the capacitor 404b is electrically connected to a wiring 405b to which a read signal is 
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input. The other of the pair of electrodes of the capacitor 404n is electrically 

connected to a wiring 405n to which a read signal is input. Here, points where the 

drains of the first transistors 401a, 401b, and 40In are electrically connected to the 

respective gates of the second transistors 402a, 402b, and 402n and the respective 
5 electrodes of the capacitors 404a, 404b, and 404n are respectively referred to as nodes 

403a, 403b, and 403n. Configuration data is stored at the nodes 403a, 403b, and 403n. 
[0100] 

In this manner, the switch 400 in this embodiment consists of N groups 
including groups 430, 431, and 432 each of which includes the first and second 

10 transistors and the capacitor. 
[0101] 

An output signal of the programmable logic element 412 is output to the wiring 
410, supplied to the wiring 411 through the switch 400, and input to the programmable 
logic element 418. 

15 [0102] 

Note that the switch 400 can operate as appropriate according to the operation 

described in Embodiment .1. 

[0103] 
Such a structure can reduce time for reading data from a memory device that 

20 stores plural pieces of configuration data. Consequently, the PLD in which 
configuration data can be switched at high speed can be provided. 
[0104] 

It is worth noting that the switch 400 shown in this embodiment can store 
plural pieces of configuration data at a time and is thus effective in changing the circuit 

25 structure of a PLD many times in a short time. Note that the optimum number of 
groups included in the switch 400 can be selected as appropriate depending on the 
intended use. 

[0105] 

This embodiment can be combined with any of the other embodiments as 
30 appropriate. 

[0106] 
(Embodiment 4) 
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Embodiment 1 shows the switch 200 using three groups each including a first 

transistor, a second transistor, and a capacitor, whereas Embodiment 4 will explain a 
switch 500 including only two groups of these elements with reference to FIG. 8. 
[0107] 

5 The switch 500 corresponds to each of the switches 112 to 117 in FIG. 2 and 
controls connection between a programmable logic element 512 and a programmable 
logic element 518 in a PLD. Each of the programmable logic elements 512 and 518 

corresponds to one of the plurality of programmable logic elements 102 in FIG. 1. For 
example, in FIG. 8, the programmable logic element 512 can be composed of a lookup 

10 table 513, a flip-flop 514, and an AND circuit 515, and the programmable logic element 
518 can be composed of a lookup table 519, a flip-flop 520, and an AND circuit 521. 

[0108] 
As in the switch 200 described in Embodiment 1, the first transistor in the 

switch 500 uses a semiconductor material that has a wider band gap and lower intrinsic 
15 carrier density than silicon. An oxide semiconductor is used for a channel formation 

region of the first transistor. Meanwhile, the second transistor is preferably a transistor 
that uses a semiconductor material such as silicon, for example, for a channel formation 
region and thus can operate at higher speed than the first transistor. In this 
embodiment, the second transistor is specifically an n-channel transistor. 

20 [0109] 
As illustrated in FIG. 8, the switch 500 specifically includes first transistors 

501a and 501b, second transistors 502a and 502b, and capacitors 504a and 504b. 
Gates of the first transistors 501a and 501b are electrically connected to respective 
wirings 506a and 506b. A write signal is input to the wirings 506a and 506b. 

25 Sources of the first transistors 501a and 501b are electrically connected to a common 

wiring 507. A write data signal is input to the wiring 507. Drains of the first 
transistors 501a and 501b are electrically connected to respective gates of the second 

transistors 502a and 502b. The drains of the first transistors 501a and 501b are also 
electrically connected to one of a pair of electrodes of the capacitor 504a and one of a 

30 pair of electrodes of the capacitor 504b, respectively. The second transistors 502a and 
502b are electrically connected in parallel with each other. That is, sources of the 
second transistors 502a and 502b are connected to each other, and drains, of the second 
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transistors 502a and 502b are connected to each other. The sources of the second 

transistors 502a and 502b are electrically connected to an output terminal of the 

programmable logic element 512 through a wiring 510. The drains of the second 

transistors 502a and 502b are electrically connected to an input terminal of the 

5 programmable logic element 518 through a wiring 511. The other of the pair of 

electrodes of the capacitor 504a is electrically connected to a wiring 505a to which a 
read signal is input. The other of the pair of electrodes of the capacitor 504b is 
electrically connected to a wiring 505b to which a read signal is input. Here, points 

where the drains of the first transistors 501a and 501b are electrically connected to the 
10 respective gates of the second transistors 502a and 502b and the respective electrodes of 

the capacitors 504a and 504b are respectively referred to as nodes 503a and 503b. 
Configuration data is stored at the nodes 503a and 503b. 
[0110] 

In this manner, the switch 500 in this embodiment consists of two groups 530 
15 and 531 each including the first and second transistors and the capacitor. 

[0111] 

An output signal of the programmable logic element 512 is output to the wiring 
510, supplied to the wiring 511 through the switch 500, and input to the programmable 
logic element 518. 

20 [0112] 
Such a structure can reduce, time for reading data from a memory device that 

stores plural pieces of configuration data. Consequently, the PLD in which 
configuration data can be switched at high speed can be provided. 

[0113] 
25 It is worth noting that the switch 500 can operate as appropriate according to 

the operation described in Embodiment 1, and configuration data in one of the groups 
530 and 531 that is not selected can be changed in a period during which the other of 

the groups 530 and 531 is selected. Accordingly, by sequentially setting configuration 
data in non-selected groups again, a switch having only two groups can achieve a PLD. 

30 [0114] 

Note that in the switch 500 described in this embodiment, as illustrated in FIG. 
8, a transistor 540 may be provided between the wiring 510 and the wiring 511 so that 
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the programmable logic elements 512 and 518 are short-circuited when configuration 

data is written into the nodes 503a and 503b. With such a structure, the nodes 503a 
and 503b can stably store configuration data. 
[0115] 

5 This embodiment can be combined with any of the other embodiments as 
appropriate. 
[0116] 

(Embodiment 5) 
In Embodiment 5, a switch 600 that does not use the capacitor included in the 

10 switch 200 of Embodiment 1 and additionally includes a third transistor will be 
described with reference to FIG. 9 and FIG. 10. 
[0117] 
(Structure of Switch 600) 

FIG. 9 illustrates the switch 600 in this embodiment. The switch 600 
15 corresponds to each of the switches 112 to 117 in FIG. 2 and controls connection 

between a programmable logic element 612 and a programmable logic element 618 in a 
PLD. Each of the programmable logic elements 612 and 618 corresponds to one of the 

plurality of programmable logic elements 102 in FIG. 1. For example, in FIG. 9, the 
programmable logic element 612 can be composed of a lookup table 613, a flip-flop 614, 

20 and an AND circuit 615, and the programmable logic element 618 can be composed of a 
lookup table 619, a flip-flop 620, and an AND circuit 621. 
[0118] 

The switch 600 is composed of a circuit having three groups each including a 

first transistor, a second transistor, and a third transistor. For the first transistor, a 
25 semiconductor material that has a wider band gap and lower intrinsic carrier density 

than silicon is used. An oxide semiconductor is used for a channel formation region of 
the first transistor. Meanwhile, each of the second and third transistors is preferably a 

transistor that uses a semiconductor material such as silicon, for example, for a channel 
formation region and thus can operate at higher speed than the first transistor. In this 

30 embodiment, the second and third transistors are specifically n-channel transistors. 

[0119] 

As illustrated in FIG. 9, the switch 600 specifically includes first transistors 
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601a, 601b, and 601c, second transistors 602a, 602b, and 602c, and third transistors 

608a, 608b, and 608c. Gates of the first transistors 601a, 601b, and 601c are 

electrically connected to respective wirings 606a, 606b, and 606c. A write signal is 

input to the wirings 606a to 606c. Sources of the first transistors 601a to 601c are 

5 electrically connected to a common wiring 607. A write data signal is input to the 
wiring 607. Drains of the first transistors 601a, 601b, and 601c are electrically 
connected to respective gates of the second transistors 602a, 602b, and 602c. Drains 

of the second transistors 602a, 602b, and 602c are electrically connected to respective 
sources of the third transistors 608a, 608b, and 608c. As a result, the second 

10 transistors 602a, 602b, and 602c are electrically connected in series with the third 
transistors 608a, 608b, and 608c, respectively. Drains of the third transistors 608a to 
608c are connected to each other. The sources of the second transistors 602a to 602c 
are electrically connected to an output terminal of the programmable logic element 612 
through a wiring 610. The drains of the third transistors 608a to 608c are electrically 

15 connected to an input terminal of the programmable logic element 618 through a wiring 

611. The gates of the third transistors 608a, 608b, and 608c are electrically connected 
to wirings 605a, 605b, and 605c, respectively. Here, points where the drains of the 

first transistors 601a, 601b, and 601c are electrically connected to the respective gates 
of the second transistors 602a, 602b, and 602c are respectively referred to as nodes 603a, 

20 603b, and 603c. Configuration data is stored at the nodes 603a to 603c. 

[0120] 
In this manner, the switch 600 in this embodiment consists of three groups 630, 

631, and 632 each including the first, second, and third transistors. 

[0121] 
25 An output signal of the programmable logic element 612 is output to the wiring 

610, supplied to the wiring 611 through the switch 600, and input to the programmable 
logic element 618. 

[0122] 
When the potentials of the wirings 606a to 606c are set high ("H") and a 

30 potential corresponding to "H" or low ("L") is supplied to the wiring 607, charges 

corresponding to the potential of the wiring 607 can be stored at the nodes 603a to 603c, 
respectively. Note that at this time, at least one of the wirings 610 and 611 is 
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preferably set "L". 

[0123] 

Here, with the use of a transistor with extremely low off-state current as the 
first transistors 601a to 601c, the charge stored at the nodes 603a to 603c can be kept 

5 constant while the wirings 606a to 606c are at "L". That is, inputted data can be stored. 

The wirings 606a to 606c are set "L" and the wirings 605a, 605b, and 605c are set "H" 

to turn on the third transistors 608a to 608c, whereby the on/off state of the switch 600 
is determined by the on/off states of the second transistors 602a to 602c corresponding 
to the charge stored at the nodes 603a to 603c. In other words, by selecting one of the 

10 wirings 605a to 605c, the on/off state of the switch 600 can be switched instantly in 
accordance with the charge stored at the node 603a, the node 603b, or the node 603c. 

[0124] 
Here, when the charge stored at the nodes 603a, 603b, and 603c are related to 

first configuration data, second configuration data, and third configuration data, 
15 respectively, configuration data can be switched by switching between the wirings 605a, 

605b, and 605c. 

[0125] 
Such a structure can reduce time for reading data from a memory device that 

stores plural pieces of configuration data. Consequently, the PLD in which 
20 configuration data can be switched at high speed can be provided. 

[0126] 
When a signal passes through the switch 600, the potential of the signal is 

sometimes lowered depending on the resistance of the switch. Latches for preventing 
the potential decrease can be arranged as described in Embodiment 1. 

25 [0127] 
(Operation of Switch 600) 

Next, an example of a method of operating the switch 600 illustrated in FIG. 9 
will be described with reference to a timing chart in FIG. 10. 

[0128] 

30 Here, as an example, the potentials of the wirings 606a to 606c at "H" are +V 

and the potentials of the wirings 606a to 606c at "L" are 0. The potentials of the 
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wirings 605a to 605c at "H" are +V and the potentials of the wirings 605a to 605c at "L" 

are 0. The potential of the wiring 607 at "H" is +V and the potential of the wiring 607 

at "L" is 0. The potentials of the wirings 610, 611, 616, and 617 at "H" are +V and the 

potentials of the wirings 610, 611, 616, and 617 at "L" are 0. 

5 [0129] 
As an initial state, the case where the wiring 605c is at "H" and the potential of 

the node 603c is +V is considered. In other words, the on/off state of the switch 600 is 

determined in accordance with the third configuration data, and the switch 600 is on in 
the initial state. Further, the potentials of the nodes 603a and 603b are 0 in the initial 

10 state. 

[0130] 
First, write of configuration data (time T1 to time T6) is described. 

[0131] 
At the time T2, the wiring 606a is set "H", the wiring 617 is set "L", and the 

15 wiring 607 is "L". At this time, the potential of the node 603a becomes 0; this 

potential corresponds to a potential for turning off the switch 600. That is, this state 

corresponds to a state where the switch 600 stores "L" as the first configuration data. 
Note that the output of the programmable logic element 612 is "L". 

[0132] 
20 At the time T3, the wiring 606a is set "L". At this time, the potential of the 

node 603a is 0. 

[0133] 
At the time T5, the wirings 606b is set "H", the wiring 617 is set "L", and the 

wiring 607 is "H". At this time, the potential of the node 603b becomes +V; this 

25 potential corresponds to a potential for turning on the switch 600. That is, this state 
corresponds to a state where the switch 600 stores "H" as the second configuration data. 
Note that the output of the^programmable logic element 612 is "L". 

[0134] 

At the time T6, the wiring 606b is set "L". At this time, the potential of the 

30 node 603b is +V. 

[0135] . 
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Note that it is preferable that write of configuration data be finished in a time as 
short as possible and as soon as possible after the time T1 and the time T4 each of 

which is the time of a positive edge of the clock signal input to the wiring 616. 
Specifically, it is preferable that write of configuration data be started after a hold time 
of the flip-flop passes from the time T1 and the time T4. With such a structure, 

configuration data can be rewritten without impairing the operation of the PLD. 
[0136] 

Next, switching of configuration data (time T7 to time T10) is described. 
[0137] 

At the time T8, the wiring 605a is set "H", and the wiring 605c is set "L". At 

this time, the potential of the node 603a is 0, and the potential of the node 603c is +V. 

Thus, the switch 600 is turned off, which means that switching to the first configuration 
data is completed. 
[0138] 

At the time T10, the wiring 605a is set "L", and the wiring 605b is set "H". At 

this time, the potential of the node 603a is 0, and the potential of the node 603b is +V. 

Thus, the switch 600 is turned on, which means that switching to the second 
configuration data is completed. 
[0139] 

Note that it is preferable that switching of configuration data be performed as 
soon as possible after the time T7 and the time T9 each of which is the time of a positive 
edge of the clock signal input to the wiring 616. Specifically, it is preferable that 
switching of configuration data be performed after a hold time of the flip-flop passes 
from the time T7 and the time T9. With such a structure, configuration data can be 

switched without impairing the operation of the PLD. 
[0140] 

With the above-described structure, it is possible to provide a low power 
consumption PLD that achieves high-speed configuration capable of dynamic 
configuration and has a short startup.time. 
[0141] 

Further, in the method of operating the switch 600 in FIG. 10, an enable signal 
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0 is input to the wiring 617 (the output of the programmable logic element 612 is 0) to 

write configuration data into the nodes 603a to 603c. However, configuration data can 

be written with the enable signal input to the wiring 617 remaining at 1 (without setting 
the output of the programmable logic element 612 at 0) when the gate capacitance of the 

5 second transistors 602a to 602c is sufficiently larger than the source-gate capacitance 

and drain-gate capacitance or when a storage capacitor is electrically connected to the 
gates of the second transistors 602a to 602c and the gate capacitance and storage 

capacitance are sufficiently larger than the source-gate capacitance and drain-gate 
capacitance. 

10 [0142] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0143] 
(Embodiment 6) 

15 In Embodiment 6, an example of electrical connection between a plurality of 

switches in a logic array included in a PLD will be described with reference to FIG. 11. 

[0144] 
As described in Embodiment 1, a logic array is configured with an arrangement 

of a plurality of programmable logic elements, wirings, and switches. The switches 
20 are arranged in a vertical direction and a lateral direction to form a matrix. FIG. 11 is a 

conceptual diagram showing only switches 60 in the logic array. The switch 60 
includes first transistors 61a, 61b, and 61c, second transistors 62a, 62b, and 62c, and 
capacitors 66a, 66b, and 66c like the switch 200 described in Embodiment 1, for 
example. 

25 [0145] 

Here, a wiring 63_1 electrically connected to sources of the first transistors 61a, 

61b, and 61c in the switch 60 is a common wiring to the switches 60 arranged in the 

vertical direction. Similarly, a wiring 63_2 is shared by and electrically connected to 

the switches 60 arranged in the vertical direction. 

30 [0146] 

On the other hand, wirings 64_la, 64_lb, 64_lc, 64_2a, 64_2b, and 64_2c that 
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are connected to gates of the first transistors 61a, 61b, and 61c in the switches 60 are 

shared by the switches 60 arranged in the lateral direction. 
[0147] 

With the electrical connection between the switches in this embodiment, to 
5 write configuration data through the first transistors 61a, 61b, and 61c in each switch 60, 

the wirings 64_lc, 64_lb, 64_la, 64_2c, 64_2b, and 64_2a are selected in this order to 

sequentially turn on the first transistors from the top row, and configuration data is 

written through the wirings 63_1 and 63_2. 
[0148] 

10 Wirings 65_la, 65_lb, 65_lc, 65_2a, 65_2b, and 65_2c'that are electrically 

connected to one electrode of the capacitors 66a, 66b, and 66c are shared by the 
switches 60 in the lateral direction, and are also shared by the switches 60 in the vertical 
direction through wirings 65a, 65b, and 65c. Thus, since one electrode of the capacitor 

in each of the three groups included in the switch 60 is electrically connected to a 
15 corresponding one of the wirings 65a, 65b, and 65c, by selecting one of the wirings 65a, 

65b, and 65c, configuration data stored in the groups which share the selected wiring 

cah be read at a time. 
[0149] 

Note that the above structure may be divided into blocks and operation such as 
20 data read and data write may be performed in each block. 

[0150] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0151] 

25 (Embodiment 7) 
Embodiment 7 will explain examples of the structure of a lookup table (LUT) 

included in the programmable logic element of the foregoing embodiments. The LUT 
can be composed of a plurality of multiplexers. Configuration data can be input to any 
of input terminals and control terminals of the plurality of multiplexers. 

30 [0152] 

FIG. 13A illustrates one embodiment of a LUT 30 included in the 
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programmable logic element. 
[0153] 

In FIG. 13A, the LUT 30 is composed of seven two-input multiplexers 

(multiplexers 31 to 37). Input terminals of the multiplexers 31 to 34 correspond to 

5 input terminals Ml to M8 of the LUT 30. 

[0154] 
Control terminals of the multiplexers 31 to 34 are electrically connected to each 

other and correspond to an input terminal IN3 of the LUT 30. Output terminals of the 
multiplexers 31 and 32 are electrically connected to two respective input terminals of 

10 the multiplexer 35. Output terminals of the multiplexers 33 and 34 are electrically 
connected to two respective input terminals of the multiplexer 36. Control terminals 
of the multiplexers 35 and 36 are electrically connected to each other and correspond to 
an input terminal IN2 of the LUT 30. Output terminals of the multiplexers 35 and 36 

are electrically connected to two respective input terminals of the multiplexer 37. A 
15 control terminal of the multiplexer 37 corresponds to an input terminal INI of the LUT 

30. An output terminal of the multiplexer 37 corresponds to an output terminal OUT 

of the LUT 30. 

[0155] 
The kind of logic operation performed by the LUT 30 can be determined by 

20 input of configuration data from a configuration memory to the input terminals Ml to 

M8. 
[0156] 

For example, when configuration data having digital values "0", "1", "0", "1", 

"0", "1", "1", and "1" are input to the input terminals Ml to M8 of the LUT 30 in FIG. 

25 13 A, the function of an equivalent circuit illustrated in FIG. 13C can be obtained. 

[0157] 
FIG. 13B illustrates one embodiment of a LUT 40 included in the 

programmable logic element. 
[0158] 

30 In FIG. 13B, the LUT 40 is composed of three two-input multiplexers 
(multiplexers 41 to 43) and a two-input OR circuit 44. 

[0159] 
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Output terminals of. the multiplexers 41 and 42 are electrically connected to 
two respective input terminals of the multiplexer 43. An output terminal of the OR 
circuit 44 is electrically connected to a control terminal of the multiplexer 43. An 

output terminal of the multiplexer 43 corresponds to an output terminal OUT of the 
5 LUT 40. 

[0160] 

The kind of logic operation performed by the LUT 40 can be determined when 
an output signal corresponding to configuration data stored in a configuration memory 
is input from the configuration memory to any of a control terminal A1 and input 

10 terminals A2 and A3 of the multiplexer 41, a control terminal A6 and input terminals A4 
and A5 of the multiplexer 42, and input terminals A7 and A8 of the OR circuit 44. 
[0161] 

For example, when output signals corresponding to configuration data that are 
stored in the configuration memory and have digital values "0", "1", "0", "0", and "0" 

15 are input from the configuration memory to the input terminal A2, the input terminal A4, 

the input terminal A5, the control terminal A6, and the input terminal A8 of the LUT 40 
in FIG. 13B, the function of the equivalent circuit illustrated in FIG. 13C can be 

obtained. In the above structure, the control terminal Al, the input terminal A3, and 

the input terminal A7 correspond to the input terminal INI, the input terminal IN2, and 
20 the input terminal IN3, respectively. 

[0162] 

Note that FIGS. 13A and 13B illustrate examples of the LUTs 30 and 40 each 
of which is composed of two-input multiplexers; alternatively, the LUTs 30 and 40 may 
be composed of multiplexers with three or more inputs. 

25 [0163] 

The LUT 30 or the LUT 40 may further include any or all of a diode, a resistor, 

a logic circuit (or a logic element), and a switch in addition to the multiplexers. As the 

logic circuit (or the logic element), a buffer, an inverter, a NAND circuit, a NOR circuit, 

a three-state buffer, a clocked inverter, or the like can be used. As the switch, an 
30 analog switch or a transistor can be used, for example. 

[0164] 

The case illustrated in FIG. 13C in which three-input one-output logic operation 
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is performed with the LUT 30 in FIG. 13A or the LUT 40 in FIG. 13B is described here; 

however, this embodiment is not limited thereto. By appropriately selecting the 

structure of the LUT 30 or the LUT 40 and configuration data to be input, logic 
operation with four or more inputs and two or more outputs can be performed. 

5 [0165] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0166] 
(Embodiment 8) 

10 Referring to FIG. 14, Embodiment 8 will explain an example of a 
cross-sectional structure and a fabrication method of the switch described in any of the 

above embodiments in which an oxide semiconductor is used for a channel formation 
region of a first transistor 902 and a single crystal silicon wafer is used for a channel 
formation region of a second transistor 901. 

15 [0167] 
Note that a semiconductor material such as germanium, silicon germanium, or 

single crystal silicon carbide as well as silicon may be used for the second transistor 901 

included in the switch. A transistor including silicon can be formed using a silicon 
\ 

thin film formed by an SOI method or a silicon thin film formed by vapor deposition, 

20 for example; in this case, a glass substrate formed by a fusion process or a float process, 
a quartz substrate, a semiconductor substrate, a ceramic substrate, or the like can be 

used as a substrate. In the case where a glass substrate is used and the temperature of 
heat treatment to be performed later is high, it is preferable to use a glass substrate with 

a strain point of 730 °C or higher 

25 [0168] 
FIG. 14 illustrates an embodiment of a cross-sectional structure showing the 

circuit structure of one group that stores one piece of configuration data in the switch. 

In this case, the second transistor 901 using a single crystal silicon wafer is formed, and 

the first transistor 902 using an oxide semiconductor and a capacitor 903 are formed 
30 above the second transistor 901. In other words, the switch described in this 

embodiment is a semiconductor device that has a three-dimensional layered structure in 

which a silicon wafer is used as a substrate and a first transistor layer is provided above 
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the silicon wafer. Moreover, the switch in this embodiment is a hybrid semiconductor 

device including a transistor in.which silicon is used for a channel formation region and 
a transistor in which an oxide semiconductor is used for a channel formation region. 

[0169] 

5 Although only a cross section of the structure of part of the switch is shown in 
this embodiment, a programmable logic element or another circuit can be configured 

with this layered structure. Thus, the whole PLD can be integrated in this layered 

structure. 
[0170] 

10 The second transistor 901 formed using a substrate 900 containing a 
semiconductor material can be either an n-channel transistor (nMOSFET) or a 
p-channel transistor (pMOSFET). In the example illustrated in FIG. 14, the second 
transistor 901 is electrically isolated from other elements by a shallow trench isolation 
(STI) 905. The use of the STI 905 can reduce generation of a bird's beak, which is 

15 caused by a LOCOS element isolation method, in an element isolation region and can 
reduce the size of the element isolation region. On the other hand, in a semiconductor 
device that is not required to be structurally miniaturized or downsized, the STI 905 is 
not necessarily formed and an element isolation means such as LOCOS can be used. 
In the substrate 900 where the second transistor 901 is formed, a well 904 to which an 

20 impurity imparting conductivity, such as boron, phosphorus, or arsenic, is added is 

formed. 
[0171] 

The second transistor 901 in FIG. 14 includes a channel formation region in the 
substrate 900, impurity regions 906 (also referred to as a source region and a drain 

25 region) provided such that the channel formation region is placed therebetween, a gate 

insulating film 907 over the channel formation region, and a gate electrode layer 908 
provided over the gate insulating film 907 to overlap the channel formation region. 

The gate electrode layer can have a stacked structure of a gate electrode layer including 

a first material for increasing processing accuracy and a gate electrode layer including a 

30 second material for decreasing the resistance as a wiring. For example, the gate 

electrode layer can have a stacked structure of crystalline silicon to which an impurity 
imparting conductivity, such as phosphorus, is added and nickel silicide. Note that the 
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structure is not limited to this, and materials, the number of stacked layers, the shape, or 

the like can be adjusted as appropriate depending on required specifications. 

[0172] 
Note that the second transistor 901 illustrated in FIG. 14 may be a fin-type 

5 transistor. In a fin-type structure, part of a semiconductor substrate is processed into a 

plate-shaped protrusion, and a gate electrode layer is provided to cross the protrusion in 
the longitudinal direction. The gate electrode layer covers an upper surface and side 

surfaces of the protrusion with a gate insulating film placed between the gate electrode 
layer and the protrusion. With the second transistor having a fin-type structure, the 

10 channel width can be reduced to achieve higher integration of transistors. Moreover, a 
larger amount of current can flow through the transistor and the control efficiency can 

be increased, so that the off-state current and threshold voltage of the transistor can be 

reduced. 
[0173] 

15 Contact plugs 913 and 915 are connected to the impurity regions 906 in the 

substrate 900. Here, the contact plugs 913 and 915 also function as a source electrode 
and a drain electrode of the second transistor 901. In addition, impurity regions that 

are different from the impurity regions 906 are provided between the impurity regions 
906 and the channel formation region. The impurity regions function as LDD regions 

20 or extension regions for controlling the distribution of electric fields in the vicinity of 
the channel formation region, depending on the concentration of an impurity introduced 

thereto. Sidewall insulating films 909 are provided at side surfaces of the gate 
electrode layer 908 with an insulating film placed therebetween. By using this 
insulating film and the sidewall insulating films 909, the LDD regions or extension 

25 regions can be formed. 

[0174] 
The second transistor 901 is covered with an insulating film 910. The 

insulating film 910 can function as a protective film and can prevent impurities from 
entering the channel formation region from the outside. With the insulating film 910 

30 formed by CVD using a material such as silicon nitride, hydrogenation can be 

performed by heat treatment in the case where single crystal silicon is used for the 
channel formation region. When an insulating film having tensile stress or 
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compressive stress is used as the insulating film 910, distortion can be provided to the 
semiconductor material used for the channel formation region. By application of 
tensile stress to a silicon material used for the channel formation region of an n-channel 

transistor or application of compressive stress to a silicon material used for the channel 
5 formation region of a p-channel transistor, the field-effect mobility of the transistor can 

be increased. 
[0175] 

An insulating film 911 is provided over the insulating film 910, and a surface 
of the insulating film 911 is planarized by CMP. Consequently, element layers can be 

10 stacked with high accuracy above a layer including the second transistor 901. 
[0176] 

A layer including the capacitor 903 and the first transistor 902 in which an 
oxide semiconductor film is used for a channel formation region is formed above the 
layer including the second transistor 901. The first transistor 902 is a top-gate 

15 transistor. The first transistor 902 includes a source electrode layer 927 and a drain 

electrode layer 928 in contact with side surfaces and an upper surface of an oxide 
semiconductor film 926, and includes a gate electrode layer 930 over a gate insulating 
film 929 placed over the oxide semiconductor film 926, the source electrode layer 927, 
and the drain electrode layer 928. An insulating film 932 is formed to cover the first 

20 transistor 902. Here, a method of fabricating the first transistor 902 will be described 

below. 
[0177] 

The oxide semiconductor film 926 is formed over the insulating film 924. 

The insulating film 924 can be formed using an inorganic insulating film of silicon 
25 oxide, silicon nitride, silicon nitride oxide, silicon oxynitride, aluminum oxide, 

aluminum nitride, aluminum nitride oxide, or the like. In particular, the insulating film 

924 is preferably formed using a material with a low dielectric constant (a low-k 

material) because capacitance due to overlap of electrodes or wirings can be sufficiently 

reduced. Note that the insulating film 924 may be a porous insulating film containing 
30 any of the above materials. Since the porous insulating film has lower dielectric 

constant than a dense insulating film, parasitic capacitance due to electrodes or wirings 
can be further reduced. In this embodiment, the insulating film 924 is a stack of a 
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silicon oxide film with a thickness of about 300 nm on a 50-nm-thick aluminum oxide 

film. 

[0178] 

The oxide semiconductor film 926 can be formed by processing an oxide 
5 semiconductor film formed over the insulating film 924 into a desired shape. The 

thickness of the oxide semiconductor film is 2 nm to 200 nm, preferably 3 nm to 50 nm, 

more preferably 3 nm to 20 nm. The oxide semiconductor film is formed by sputtering 
using an oxide semiconductor target. Moreover, the oxide semiconductor film can be 
formed by sputtering under a rare gas (e.g., argon) atmosphere, an oxygen atmosphere, 

10 or a mixed atmosphere of a rare gas (e.g., argon) and oxygen. 

[0179] 
Note that before the oxide semiconductor film is formed by sputtering, dust on 

a surface of the insulating film 924 is preferably removed by reverse sputtering in which 

an argon gas is introduced and plasma is generated. The reverse sputtering refers to a 
15 method in which, without application of voltage to a target side, an RF power source is 

used for application of voltage to a substrate side in an argon atmosphere to generate 

plasma in the vicinity of the substrate to modify a surface. Note that instead of an 

argon atmosphere, a nitrogen atmosphere, a helium atmosphere, or the like may be used. 

Alternatively, an argon atmosphere to which oxygen, nitrous oxide, or the like is added 

20 may be used. Further alternatively, an argon atmosphere to which chlorine, carbon 
tetrafluoride, or the like is added may be used. 

[0180] 
As the oxide semiconductor, any of the following oxides can be used, for 

example: indium oxide, tin oxide, zinc oxide, two-component metal oxides such as 
25 In-Zn-based oxide, Sn-Zn-based oxide, Al-Zn-based oxide, Zn-Mg-based oxide, 

Sn-Mg-based oxide, In-Mg-based oxide, and In-Ga-based oxide; three-component metal 
oxides such as In-Ga-Zn-based oxide (also referred to as IGZO), In-Al-Zn-based oxide, 

In-Sn-Zn-based oxide, Sn-Ga-Znrbased oxide, Al-Ga-Zn-based oxide, Sn-Al-Zn-based 

oxide, In-Hf-Zn-based oxide, In-La-Zn-based oxide, In-Ce-Zn-based oxide, 

30 In-Pr-Zn-based oxide, In-Nd-Zn-based oxide, In-Sm-Zn-based oxide, In-Eu-Zn-based 
oxide, In-Gd-Zn-based oxide, In-Tb-Zn-based oxide, In-Dy-Zn-based oxide, 

In-Ho-Zn-based oxide, In-Er-Zn-based oxide, In-Tm-Zn-based oxide, In-Yb-Zn-based 
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oxide, and In-Lu-Zn-based oxide; and four-component oxides such as 

In-Sn-Ga-Zn-based oxide, In-Hf-Ga-Zn-based oxide, In-Al-Ga-Zn-based oxide, 
In-Sn-Al-Zn-based oxide, In-Sn-Hf-Zn-based oxide, and In-Hf-Al-Zn-based oxide. 

The oxide semiconductor may contain silicon. 

5 [0181] 
In this embodiment, an In-Ga-Zn-based oxide semiconductor thin film that has 

a thickness of 30 nm and is obtained by sputtering using a target including indium (In), 

gallium (Ga), and zinc (Zn) is used as the oxide semiconductor film. As the target, it is 

preferable to use a target having an atomic ratio of In:Ga:Zn = 1:1:1, 4:2:3, 3:1:2, 1:1:2, 

10 2:1:3, or 3:1:4. The filling rate of the target including In, Ga, and Zn is 90 % or higher 

and 100 % or lower, and preferably 95 % or higher and lower than 100 %. With the 

use of the target with high filling rate, a dense oxide semiconductor film is formed. 
[0182] 

In the case where an In-Zn-based material is used for the oxide semiconductor 

15 film, a target to be used has a composition ratio of In:Zn = 50:1 to 1:2 in an atomic ratio 

(InaCVZnO = 25:1 to 1:4 in a molar ratio), preferably In:Zn = 20:1 to 1:1 in an atomic 

ratio (In203:Zn0 = 10:1 to 1:2 in a molar ratio), further preferably In:Zn = 15:1 to 1.5:1 

in an atomic ratio (I^C^ZnO = 15:2 to 3:4 in a molar ratio). For example, in a target 

used for formation of an In-Zn-based oxide semiconductor with an atomic ratio of 

20 In:Zn:0 = X:Y:Z, the relation of Z > 1 .SX + Y is satisfied. The mobility can be 

improved by keeping the ratio of Zn within the above range. 
[0183] 

In the case where an In-Sn-Zn-based oxide semiconductor film is formed as the 
oxide semiconductor film by sputtering, it is preferable to use an In-Sn-Zn-0 target 

25 having an atomic ratio of In:Sn:Zn = 1:1:1,2:1:3, 1:2:2, or 20:45:35. 

[0184] 

In this embodiment, the oxide semiconductor film is formed in such a manner 
that the substrate is held in a treatment chamber kept in a reduced pressure state, a 

sputtering gas from which hydrogen and moisture are removed is introduced while 
30 moisture remaining in the treatment chamber is removed, and the above-described target 

is used. The substrate temperature during the film formation may be 100 °C to 600 °C, 
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preferably 200 °C to 400 °C. By forming the oxide semiconductor film while the 

substrate is heated, the concentration of impurities included in the formed oxide 
semiconductor film can be reduced. In addition, damage by sputtering can be reduced. 

In order to remove remaining moisture in the treatment chamber, an entrapment vacuum 

5 pump is preferably used. For example, a cryopump, an ion pump, or a titanium 

sublimation pump is preferably used. The evacuation unit may be a turbo pump 

provided with a cold trap. In the treatment chamber which is evacuated with the 
cryopump, for example, a hydrogen atom, a compound containing a hydrogen atom, 
such as water (H2O), and the like are removed, whereby the impurity concentration in 

10 the oxide semiconductor .film formed in the treatment chamber can be reduced. 

[0185] 
As one example of the deposition conditions, the distance between the 

substrate and the target is 100 mm, the pressure is 0.6 Pa, the direct-current (DC) power 
is 0.5 kW, and the atmosphere is an oxygen atmosphere (the proportion of the oxygen 

15 flow rate is 100 %). Note that a pulsed direct-current (DC) power source is preferably 

used because dust generated in deposition can be reduced and the film thickness can be 
made uniform. 

[0186] 
When the leakage rate of the treatment chamber of the sputtering apparatus is 

20 set to 1 x 10-10 Pa-m3/s or less, entry of impurities such as an alkali metal or a hydride 

into the oxide semiconductor film that is formed by sputtering can be reduced. Further, 
with the use of an entrapment vacuum pump as an exhaustion system, counter flow of 
impurities such as an alkali metal, hydrogen atoms, hydrogen molecules, water, or a 
hydride from the exhaustion system can be reduced. 

25 [0187] 

When the purity of the target is set to 99.99 % or higher, an alkali metal, 

hydrogen atoms, hydrogen molecules, water, a hydroxyl group, a hydride, or the like 

mixed into the oxide semiconductor film can be reduced. In addition, when the above 
target is used, the concentration of an alkali metal such as lithium, sodium, or potassium 

30 can be reduced in the oxide semiconductor film. 

[0188] 
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In order that the oxide semiconductor film contains as little hydrogen, a 

hydroxyl group, and moisture as possible, it is preferable that impurities such as 
moisture or hydrogen that are adsorbed on the substrate 900 be desorbed and exhausted 

by preheating of the substrate 900 over which the insulating film 924 is formed in a 

preheating chamber of a sputtering apparatus, as pretreatment for deposition. The 

temperature for the preheating is 100 °C to 400 °C, preferably 150 °C to 300 °C. As 

an evacuation unit provided in the preheating chamber, a cryopump is preferably used. 
Note that this preheating treatment can be omitted. 
[0189] 

Note that etching for forming the oxide semiconductor film 926 may be dry 
etching, wet etching, or both dry etching and wet etching. As an etching gas used for 
dry etching, it is preferable to use a gas containing chlorine (a chlorine-based gas such 

as chlorine (CI2), boron trichloride (BC13), silicon tetrachloride (SiCLi), or carbon 
tetrachloride (CCI4)). Alternatively, it is. possible to use a gas containing fluorine (a 
fluorine-based gas such as carbon tetrafluoride (CF4), sulfur hexafluoride (SFe), 
nitrogen trifluoride (NF3), or trifluoromethane (CHF3)), hydrogen bromide (HBr), 

oxygen (O2), any of these gases to which a rare gas such as helium (He) or argon (Ar) is 
added, or the like. 
[0190] 

As the dry etching method, a parallel plate RIE (reactive ion etching) method 
or an ICP (inductively coupled plasma) etching method can be used. In order to etch 
the film into a desired shape, the etching conditions (e.g., the electric power applied to a 
coiled electrode, the electric power applied to an electrode on the substrate side, and the 
electrode temperature on the substrate side) are adjusted as appropriate. 
[0191] 

As an etchant used for the wet etching, a mixed solution of phosphoric acid, 

acetic acid, and nitric acid, or organic acid such as citric acid or oxalic acid can be used. 
In this embodiment, ITO-07N (produced by Kanto Chemical Co., Inc.) is used. 

[0192] 
A resist mask used for forming the oxide semiconductor film 926 may be 

formed by an inkjet method. Formation of the resist mask by an inkjet method needs 
no photomask; thus, fabrication cost can be reduced. 
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[0193] 

Note that it is preferable that reverse sputtering is performed before the 

formation of a conductive film in a subsequent step so that a resist residue and the like 
that attach onto surfaces of the oxide semiconductor film 926 and the insulating film 

5 924 are removed. 
[0194] 

Note that the oxide semiconductor film formed by sputtering or the like 

sometimes contains a large amount of moisture or hydrogen (including a hydroxy 1 
group) as impurities. Moisture or hydrogen easily forms donor levels and thus serves 

10 as impurities in the oxide semiconductor. Therefore, in one embodiment of the present 
invention, in order to reduce impurities such as moisture and hydrogen in the oxide 
semiconductor film (dehydrate or dehydrogenate the oxide semiconductor film), the 
oxide semiconductor film 926 is subjected to heat treatment in a reduced-pressure 

atmosphere, an inert gas atmosphere of nitrogen, a rare gas, or the like, an oxygen gas 

15 atmosphere, or an ultra-dry air atmosphere (with a moisture content of 20 ppm (-55 °C 

by conversion into a dew point) or less, preferably 1 ppm or less, further preferably 10 

ppb or less, in the case where the measurement is performed by a dew point meter of a 
cavity ring down laser spectroscopy (CRDS) system). 
[0195] 

20 By performing heat treatment on the oxide semiconductor film 926, moisture 
or hydrogen in the oxide semiconductor film 926 can be eliminated. Specifically, heat 

treatment may be performed at a temperature higher than or equal to 250 °C and lower 

than or equal to 750 °C, preferably higher than or equal to 400 °C and lower than the 

strain point of the substrate. For example, heat treatment may be performed at 500 °C 

25 for approximately 3 to 6 minutes. When RTA (rapid thermal annealing) is used for the 

heat treatment, dehydration or dehydrogenation can be performed in a short time; thus, 

treatment can be performed even at a temperature higher than the strain point of a glass 
substrate. 

[0196] 

30 In this embodiment, an electric furnace which is one of heat treatment 
apparatuses is used. 
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[0197] 

Note that the heat treatment apparatus is not limited to an electric furnace, and 

may have a device for heating an object by heat conduction or heat radiation from a 
heating element such as a resistance heating element. For example, an RTA 

5 apparatus such as a GRTA (gas rapid thermal annealing) apparatus or an LRTA (lamp 
rapid thermal annealing) apparatus can be used. An LRTA apparatus is an apparatus 
for heating an object by radiation of light (an electromagnetic wave) emitted from a 
lamp such as a halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon arc lamp, 
a high pressure sodium lamp, or a high pressure mercury lamp. A GRTA apparatus is 

10 an apparatus for heat treatment using a high-temperature gas. As the gas, an inert gas 
which does not react with an object by heat treatment, like nitrogen or a rare gas such as 
argon is used. 
[0198] 

In the heat treatment, it is preferable that moisture, hydrogen, and the like be 
15 not contained in nitrogen or a rare gas such as helium, neon, or argon. Alternatively, 

the purity of nitrogen or a rare gas such as helium, neon, or argon which is introduced 

into the heat treatment apparatus is preferably 6N (99.9999 %) or higher, more 

preferably 7N (99.99999 %) or higher (i.e., the impurity concentration is preferably 1 

ppm or lower, more preferably 0.1 ppm or lower). 
20 [0199] 

Through the above-described steps, the concentration of hydrogen in the oxide 
semiconductor film 926 can be reduced and the oxide semiconductor film 926 is highly 

purified. Thus, the oxide semiconductor film can be stable. In addition, by using the 
oxide semiconductor film in which the hydrogen concentration is reduced and the purity 

25 is improved, it is possible to fabricate a transistor with high withstand voltage and 
extremely low off-state current. The above heat treatment can be performed at any 
time after the oxide semiconductor film is formed. 

[0200] 

Moreover, oxygen vacancies that serve as donors in the oxide semiconductor 

30 film 926 may be reduced by subjecting the oxide semiconductor film 926 to heat 
treatment in an oxygen atmosphere so that oxygen is added to the oxide semiconductor. 
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The heat treatment is performed at a temperature of, for example, higher than or equal 

to 100 °C and lower than 350 °C, preferably higher than or equal to 150 °C and lower 

than 250 °C. It is preferable that an oxygen gas used for the heat treatment in an 

oxygen atmosphere do not include water, hydrogen, or the like. Alternatively, the 
5 purity of the oxygen gas which is introduced into the heat treatment apparatus is 

preferably 6N (99.9999 %) or higher, further preferably 7N (99.99999 %) or higher (i.e., 

the impurity concentration in the oxygen gas is preferably 1 ppm or lower, further 
preferably 0.1 ppm or lower). 
[0201] 

10 Alternatively, oxygen may be added to the oxide semiconductor film 926 by 
ion implantation, ion doping, or the like to reduce oxygen vacancies serving as donors. 
For example, oxygen that is made into a plasma state with a microwave at 2.45 GHz 
may be added to the oxide semiconductor film 926. 

[0202] 
15 A structure of an oxide semiconductor film is described below. 

[0203] 

An oxide semiconductor film is classified roughly into a single-crystal oxide 

semiconductor film and a non-single-crystal oxide semiconductor film. The 
non-single-crystal oxide semiconductor film includes any of an amorphous oxide 

20 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. 
[0204] 

The amorphous oxide semiconductor film has disordered atomic arrangement 

25 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. 

[0205] 

The microcrystalline oxide semiconductor film includes a microcrystal (also 
30 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 
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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. 

[0206] 
5 The CAAC-OS film is one of oxide semiconductor films including a plurality 

of crystal parts, and most of each crystal part fits 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 

10 oxide semiconductor film. The CAAC-OS film is described in detail below. 
[0207] 

In a transmission electron microscope (TEM) image of the CAAC-OS film, a 
boundary between crystal parts, that is, a grain boundary is not clearly observed. Thus, 
in the CAAC-OS film, a reduction in electron mobility due to the grain boundary is less 

15 likely to occur. 
[0208] 

According to the TEM image bf 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 

20 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. 

[0209] 

25 In this specification, the term "parallel" indicates that the angle formed between 

two straight lines is greater than or equal to -10° and less than or equal to 10°, and 

accordingly also includes the case where the angle is greater than or equal to -5° and 

less than or equal to 5°. In addition, the term "perpendicular" indicates that the angle 

formed between two straight lines is greater than or equal to 80° and less than or equal 

30 to 100°, and accordingly includes the case where the angle is greater than or equal to 

85° and less than or equal to 95°. 
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[0210] 
On the other hand, according to the TEM image of the CAAC-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. 
5 However, there is no regularity of arrangement of metal atoms between different crystal 

parts. 
[0211] 

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. 

10 [0212] 
A CAAC-OS film is subjected to structural analysis with an X-ray diffraction 

(XRD) apparatus. For example, when the CAAC-OS film including an InGaZn04 
crystal is analyzed by an out-of-plane method, a peak appears frequently when the 

diffraction angle (20) is around 31°. This peak is derived from the (009) plane of the 

15 InGaZn04 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. 

[0213] 
On the other hand, when the CAAC-OS film is analyzed by an in-plane method 

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

appears frequently when 2# is around 56°. This peak is derived from the (110) plane 

of the InGaZn04 crystal. Here, analysis (<f> scan) is performed under conditions where 

the sample is rotated around a normal vector of a sample surface as an axis {<f> axis) with 

26 fixed at around 56°. In the case where the sample is a single-crystal oxide 

25 semiconductor film of InGaZn04, six peaks appear. The six peaks are derived from 

crystal planes equivalent to the (110) plane. On the other hand, in the case of a 

CAAC-OS film, a peak is not clearly observed even when <j> scan is performed with 29 

fixed at around 56°. 

[0214] 
30 According to the above results, in the CAAC-OS film having c-axis alignment, 

while the directions of a-axes and b-axes are different between crystal parts, the c-axes 
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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 a layered manner 

observed in the cross-sectional TEM image corresponds to a plane parallel to the a-b 
plane of the crystal. 

5 [0215] 

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 in a direction parallel to a normal 
vector of a formation surface or a normal vector of a top surface of the CAAC-OS film. 

10 Thus, for example, in the case where 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. 
[0216] 

Further, the degree of crystallinity in the CAAC-OS film is not necessarily 
15 uniform. For example, in the case where 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 is changed, and the degree of 

20 crystallinity in the CAAC-OS film varies depends on regions. 
[0217] 

Note that when the CAAC-OS film with an InGaZn04 crystal is analyzed by an 

out-plane method, a peak of 2# may also be observed at around 36°, in addition to the 

peak of 26 at around 31°. The peak of 26 at around 36° is derived from the (311) 

25 plane of a ZnGa204 crystal; such a peak indicates that a ZnGa204 crystal is included in 
part of the CAAC-OS film including the InGaZn04 crystal. It is preferable that in the 

CAAC-OS film, a peak of 26 appear at around 31° and a peak of 26 do not appear at 

around 36°. 

[0218] 

30 In a transistor using the CAAC-OS film, change in electric characteristics due 
to irradiation with visible light or ultraviolet light is small. Thus, the transistor has 
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high reliability. 
[0219] 

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 
5 semiconductor film, and a CAAC-OS film, for example. 

[0220] 
For example, the CAAC-OS film is formed by sputtering with a polycrystalline 

metal oxide target. By collision of ions with the target, a crystal region included in the 
target may be separated from the target along an a-b plane; in other words, sputtered 

10 particles having a plane parallel to an a-b plane (flat-plate-like sputtered particles or 
pellet-like sputtered particles) may flake off from the target. In this case, the 

flat-plate-like sputtered particles reach a substrate while maintaining their crystal state, 
whereby the CAAC-OS film can be formed. 

[0221] 
15 The CAAC-OS film is preferably deposited under the following conditions. 

[0222] 
Deformation of the crystal due to impurities can be prevented by reducing the 

amount of impurities entering the CAAC-OS film during the deposition, for example, 
by reducing the concentration of impurities (e.g., hydrogen, water, carbon dioxide, and 

20 nitrogen) that exist in the deposition chamber or by reducing the concentration of 

impurities in a deposition gas. Specifically, a deposition gas with a dew point of -80 

°C or lower, preferably -100 °C or lower is used. 

[0223] 
By increasing the substrate temperature during the deposition, migration of a 

25 sputtered particle is likely to occur after the sputtered particle reaches a substrate 
surface. Specifically, the substrate temperature during the deposition ranges from 100 

°C to 740 °C, preferably from 200 °C to 500 °C. By increasing the substrate 

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 
30 flat-plate-like sputtered particle is attached to the substrate. 

[0224] 
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It is preferable that the proportion of oxygen in the deposition gas be increased 

and the electric power be optimized in order to reduce plasma damage in the deposition. 

The proportion of oxygen in the deposition gas is 30 vol% or higher, preferably 100 

vol%. 

5 [0225] 
As an example of the sputtering target, an In-Ga-Zn-based oxide target will be 

described below. 
[0226] 

A polycrystalline In-Ga-Zn-based oxide target is prepared by mixing InO* 
10 powder, GaOy powder, and ZnOz powder, applying pressure to the mixture, and then 

performing heat treatment on the mixture at temperatures ranging from 1000 °C to 1500 

°C. Note that X, Y, and Z are each a positive number. Here, the molar ratio of InOy 

to GaOy and ZnOz is, for example, 2:2:1, 8:4:3, 3:1:1, 1:1:1, 4:2:3, or 3:1:2. The 
morphology of powder and the molar ratio can be determined as appropriate depending 

15 on the desired target. 

[0227] 
An alkali metal is not a constituent element of an oxide semiconductor and 

therefore is an impurity. An alkaline earth metal also serves as an impurity in the case 
where an alkaline earth metal is not a constituent element of an oxide semiconductor. 

20 Among the alkali metals, Na readily diffuses into an insulating film as an Na ion when 
an insulating film in contact with the oxide semiconductor film is an oxide. Further, in 
the oxide semiconductor film, Na cleaves a bond between metal and oxygen which are 
included in the oxide semiconductor or is inserted therebetween, causing deterioration 

of transistor characteristics (e.g., normally-on state of the transistor due to a negative 
25 shift of the threshold voltage or the decrease in mobility) and variations in the 

characteristics. Specifically, the Na concentration measured by secondary ion mass 

spectrometry is preferably 5 x 1016 /cm3 or lower, further preferably 1 x 1016 /cm3 or 

lower, still further preferably 1 x 1015 /cm3 or lower. Similarly, the Li concentration is 

preferably 5 x 1015 /cm3 or lower, further preferably 1 x 10i5 /cm3 or lower. Similarly, 

30 the K concentration is preferably 5 x 1015 /cm3 or lower, further preferably 1 x 1015 /cm3 

or lower. 
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[0228] 

Next, the source electrode layer 927 and the drain electrode layer 928 are 

formed by a photolithography process. Specifically, the source electrode layer 927 and 
the drain electrode layer 928 can be formed in such a manner that a conductive film is 

5 formed over the insulating film 924 by sputtering or vacuum evaporation and then 

processed (patterned) into a predetermined shape. 

[0229] 
The source electrode layer 927 and the drain electrode layer 928 may have a 

single-layer structure or a stacked structure of two or more layers and can be formed 
10 using an element selected from aluminum, chromium, copper, tantalum, titanium, 

molybdenum, and tungsten; an alloy containing any of these elements; or the like. 
Alternatively, the source electrode layer 927 and the drain electrode layer 928 may have 
a structure in which a film of a refractoiy metal such as chromium, tantalum, titanium, 

molybdenum, neodymium, scandium, yttrium, or tungsten is stacked over or below a 
15 metal film of aluminum, copper, or the like. Aluminum and copper are preferably used 

in combination with a refractory metal material in order to avoid problems caused by 
poor heat resistance and high corrosion. 

[0230] 
For example, the source electrode layer 927 and the drain electrode layer 928 

20 may have a single-layer structure of an aluminum film containing silicon, a two-layer 
structure in which a titanium film is stacked over an aluminum film, or a three-layer 
structure in which a titanium film, an aluminum film, and a titanium film are stacked in 
this order. A Cu-Mg-Al alloy, a Mo-Ti alloy, Ti, and Mo have high adhesiveness with 
an oxide film; therefore, when the source electrode layer 927 and the drain electrode 

25 layer 928 have a stacked structure in which a conductive film of Cu is stacked over a 

conductive film of a Cu-Mg-Al alloy, a Mo-Ti alloy, Ti, or Mo, the adhesion between 
the insulating film 924 and the source and drain electrode layers 927 and 928 can be 

increased. 

[0231] 
30 For the source electrode layer 927 and the drain electrode layer 928, a 

conductive metal oxide may be used. As the conductive metal oxide, indium oxide, tin 
oxide, zinc oxide, a mixture of indium oxide and tin oxide, a mixture of indium oxide 
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and zinc oxide, or the conductive metal oxide material containing silicon or silicon 
oxide can be used. 

[0232] 
In the case where heat treatment is performed after the formation of the 

5 conductive film, the conductive film preferably has heat resistance high enough to 

withstand the heat treatment. 
[0233] 

In this embodiment, a 100-nm-thick tungsten film is used for the source 
electrode layer 927 and the drain electrode layer 928. 

10 [0234] 
Note that the materials and etching conditions are adjusted as appropriate so 

that the oxide semiconductor film 926 is not removed as much as possible in etching of 
the conductive film. Depending on the etching conditions, an exposed portion of the 
oxide semiconductor film 926 is partially etched and thus a groove (a recessed portion) 

15 is formed in some cases. 

[0235] 
In this embodiment, a tungsten film is used as the conductive film to be the 

source electrode layer 927 and the drain electrode layer 928. Thus, wet etching can be 

selectively performed on the conductive film using a solution containing ammonia and 
20 hydrogen peroxide water (an ammonia hydrogen peroxide mixture). As the ammonia 

hydrogen peroxide mixture, a solution in which 31 wt% hydrogen peroxide water, 28 

wt% ammonia water, and water are mixed at a volume ratio of 5:2:2 is specifically used. 

Alternatively, dry etching may be performed on the conductive film with the use of a 
gas containing carbon tetrafluoride (CF4), chlorine (CI2), or oxygen. 

25 [0236] 
In order to reduce the number of photomasks and steps in a photolithography 

process, etching may be performed with the use of a resist mask formed using a 

multi-tone mask which is a light-exposure mask through which light is transmitted so as 
to have a plurality of intensities. A resist mask formed using a multi-tone mask has a 

30 plurality of thicknesses and can be changed in shape by etching; thus, the resist mask 

can be used in a plurality of etching steps for processing films into different patterns. 
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Thus, a resist mask corresponding to at least two kinds of different patterns can be 

formed by one multi-tone mask. As a result, the number of light-exposure masks can 
be reduced and the number of corresponding photolithography processes can also be 

reduced, whereby the fabrication process can be simplified. 

5 [0237] 
Further, oxide conductive films functioning as a source region and a drain 

region may be provided between the oxide semiconductor film 926 and the source and 
drain electrode layers 927 and 928. The material of the oxide conductive film 
preferably contains zinc oxide as a component and preferably does not contain indium 

10 oxide. For such an oxide conductive film, zinc oxide, zinc aluminum oxide, zinc 
aluminum oxynitride, gallium zinc oxide, or the like can be used. 

[0238] 
For example, in the case where the oxide conductive films are formed, etching 

for forming the oxide conductive films and etching for forming the source electrode 
15 layer 927 and the drain electrode layer 928 may be performed concurrently. 

[0239] 
By providing the oxide conductive films functioning as the source and drain 

regions, the resistance between the oxide semiconductor film 926 and the source and 
drain electrode layers 927 and 928 can be lowered, so that the transistor can operate at 

20 high speed. In addition, with provision of the oxide conductive films functioning as 
the source and drain regions, the withstand voltage of the transistor can be increased. 

[0240] 
Next, plasma treatment may be performed using a gas such as N20, N2, or Ar. 

By this plasma treatment, water or the like attached onto an exposed surface of the 

25 oxide semiconductor film is removed. Plasma treatment may be performed using a 
mixture gas of oxygen and argon as well. 

[0241] 

After the plasma treatment, the gate insulating film 929 is formed to cover the 

source and drain electrode layers 927 and 928 and the oxide semiconductor film 926. 
30 Then, over the gate insulating film 929, the gate electrode layer 930 is formed to 

overlap the oxide semiconductor film 926 and a conductive film to be an upper 
electrode layer 931 of the capacitor is formed. 
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[0242] 

The gate insulating film 929 can be formed using a silicon oxynitride film, for 
example. Note that the gate insulating film 929 preferably includes impurities such as 
moisture or hydrogen as little as possible, and the gate insulating film 929 may be a 

5 single-layer insulating film or a plurality of insulating films stacked. If hydrogen is 

contained in the gate insulating film 929, hydrogen enters the oxide semiconductor film 
926 or oxygen in the oxide semiconductor film 926 is extracted by hydrogen, whereby 

the oxide semiconductor film 926 has lower resistance (n-type conductivity) and a 
parasitic channel might be formed as a result. Thus, it is important that a deposition 

10 method in which hydrogen is not used be employed in order to form the gate insulating 
film 929 containing hydrogen as little as possible. A material having a high barrier 

property is preferably used for the gate insulating film 929. As the insulating film 
having a high barrier property, a silicon nitride film, a silicon nitride oxide film, an 

aluminum nitride film, or an aluminum nitride oxide film can be used, for example. 
15 When a plurality of insulating films stacked are used, an insulating film having a lower 

proportion of nitrogen, such as a silicon oxide film or a silicon oxynitride film, is 
formed closer to the oxide semiconductor film 926 than the insulating film having a 

high barrier property. Then, the insulating film having a high barrier property is 
formed to overlap the source and drain electrode layers 927 and 928 and the oxide 

20 semiconductor film 926 with the insulating film having a lower proportion of nitrogen 
placed therebetween. With the use of the insulating film having a high barrier property, 
impurities such as moisture and hydrogen can be prevented from entering the oxide 
semiconductor film 926, the gate insulating film 929, or the interface between the oxide 

semiconductor film 926 and another insulating film and the vicinity thereof. In 
25 addition, the insulating film having a lower proportion of nitrogen, such as a silicon 

oxide film or a silicon oxynitride film, formed in contact with the. oxide semiconductor 

film 926 can prevent the insulating film having a high barrier property from being in 

direct contact with the oxide semiconductor film 926. 
[0243] 

30 In this embodiment, a 20-nm-thick silicon oxynitride film formed by sputtering 

is used as the gate insulating film 929. The substrate temperature during the film 

formation may range from room temperature to 400 °C and is 300 °C in this 
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embodiment. 

[0244] 

After the gate insulating film 929 is formed, heat treatment may be performed. 

The heat treatment is performed in a nitrogen atmosphere, ultra-dry air, or a rare gas 

5 (e.g., argon or helium) atmosphere preferably at 200 °C to 400 °C, and for example at 

250 °C to 350 °C. It is preferable that the water content in the gas be 20 ppm or less, 

preferably 1 ppm or less, further preferably 10 ppb or less. In this embodiment, for 

example, heat treatment is performed at 250 °C for 1 hour in a nitrogen atmosphere. 

Even when oxygen vacancies are generated in the oxide semiconductor film 926 by the 
10 previous heat treatment performed on the oxide semiconductor film 926, oxygen is 

supplied to the oxide semiconductor film 926 from the gate insulating film 929 by 
performing heat treatment after the gate insulating film 929 containing oxygen is 
provided. By the supply of oxygen to the oxide semiconductor film 926, oxygen 
vacancies that serve as donors can be reduced in the oxide semiconductor film 926 and 

15 the stoichiometric composition can be recovered. As a result, the oxide semiconductor 
film 926 can be made to be substantially i-type and variation in electrical characteristics 
of the transistor due to oxygen vacancies can be reduced; thus, electrical characteristics 

can be improved. There is no particular limitation on the timing of this heat treatment 
as long as it is after the formation of the gate insulating film 929. When this heat 

20 treatment doubles as another step, the oxide semiconductor film 926 can be made to be 
substantially i-type without increase in the number of steps. 
[0245] 

The gate electrode layer 930 and the upper electrode layer 931 can be formed 
in such a manner that a conductive film is formed over the gate insulating film 929 and 

25 then is patterned. 

[0246] 

The thickness of each of the gate electrode layer 930 and the upper electrode 

layer 931 is 10 nm to 400 nm, preferably 100 nm to 300 nm. In this embodiment, the 
gate electrode layer 930 and the upper electrode layer 931 are formed in the following 

30 manner: a 135-nm-thick tungsten film is stacked over a 30-nm-thick tantalum nitride 

film by sputtering to form a conductive film for the gate electrode, and then, the 
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conductive film is processed (patterned) into a desired shape by etching. Note that a 

resist mask may be formed by an inkjet method. Formation of the resist mask by an 

inkjet method needs no photomask; thus, fabrication cost can be reduced. 

[0247] 

5 Through the above steps, the first transistor 902 is formed. 

[0248] 

Note that the first transistor 902 is described as a single-gate transistor; if 

necessary, it is possible to fabricate a multi-gate transistor that includes a plurality of 

gate electrodes electrically connected to each other and thus includes a plurality of 

10 channel formation regions. 

[0249] 

In the fabrication method described above, the source electrode layer 927 and 

the drain electrode layer 928 are formed after the oxide semiconductor film 926. 

Accordingly, as illustrated in FIG. 14, the source electrode layer 927 and the drain 

15 electrode layer 928 are formed over the oxide semiconductor film 926. Alternatively, 

the source and drain electrode layers 927 and 928 may be formed below the oxide 

semiconductor film 926, that is, between the oxide semiconductor film 926 and the 

insulating film 924. 

[0250] 

20 Note that insulating films in contact with the oxide semiconductor film 926, 

that is, the insulating film 924 and the gate insulating film 929 may be formed using an 

insulating material containing an element that belongs to Group 13 and oxygen. Many 

of oxide semiconductor materials contain a Group 13 element, and an insulating 

material containing a Group 13 element is compatible with such an oxide semiconductor. 

25 Thus, when an insulating material containing a Group 13 element is used for the 

insulating film in contact with the oxide semiconductor film, the state of the interface 

between the oxide semiconductor film and the insulating film can be kept favorable. 

[0251] 

Examples of the insulating material containing a Group 13 element are gallium 

30 oxide, aluminum oxide, aluminum gallium oxide, and gallium aluminum oxide. Here, 

aluminum gallium oxide refers to a material in which the aluminum content is higher 

than the gallium content in atomic percent, and gallium aluminum oxide refers to a 
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material in which the gallium content is higher than or equal to the aluminum content in 

atomic percent. 
[0252] 

For example, an insulating film containing gallium oxide is formed so as to be 
5 in contact with an oxide semiconductor film containing gallium, by which pile up of 

hydrogen at the interface between the oxide semiconductor film and the insulating film 

can be reduced. Alternatively, it is effective to form an insulating film with the use of 
a material containing aluminum oxide. Note that water is less likely to permeate 

aluminum oxide, and it is therefore preferable to use a material containing aluminum 
10 oxide in order to prevent entry of water to the oxide semiconductor film. 

[0253] 
It is preferable to add oxygen to not only the surface but also the inside of the 

insulating film which is in contact with the oxide semiconductor film 926 by heat 

treatment in an oxygen atmosphere, oxygen doping, or the like, resulting in a state in 
15 which oxygen is included in a proportion higher than the stoichiometric composition. 

Here, the term "oxygen doping" includes oxygen plasma doping in which oxygen that is 
made to be plasma is added to a bulk. The oxygen doping may be performed by ion 

implantation or ion doping. 

[0254] 
20 By oxygen doping, an insulating film that includes a region where the 

proportion of oxygen is higher than that in the stoichiometric composition can be 
formed. When the insulating film including such a region is in contact with the oxide 
semiconductor film, excess oxygen in the insulating film is supplied to the oxide 

semiconductor film, and oxygen defects in the oxide semiconductor film, or at the 
25 interface between the oxide semiconductor film and the insulating film are reduced. 

Thus, the oxide semiconductor film can be made to be an i-type or substantially i-type 

oxide semiconductor. 

[0255] 

Note that the insulating film including a region where the proportion of oxygen 

30 is higher than that in the stoichiometric composition may be used as either the insulating 
film placed above the oxide semiconductor film 926 or the insulating film placed below 

the oxide semiconductor film 926 of the insulating films in contact with the oxide 
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semiconductor film 926; however, it is preferable to use such an insulating film as both 
of the insulating films in contact with the oxide semiconductor film 926. The 

above-described effect can be enhanced with a structure where the insulating films 

including a region where the proportion of oxygen is higher than that in the 
5 stoichiometric composition are used as insulating films placed above and below the 

insulating films in contact with the oxide semiconductor film 926 so that the oxide 
semiconductor film 926 is sandwiched between the insulating films. 

[0256] 
The insulating films placed above and below the oxide semiconductor film 926 

10 may contain the same constituent elements or different constituent elements. The 
insulating film in contact with the oxide semiconductor film 926 may be a stack of 

insulating films each including a region where the proportion of oxygen is higher than 
that in the stoichiometric composition. 

[0257] 
15 Note that in this embodiment, the first transistor 902 has a top-gate structure. 

The first transistor 902 includes a backgate electrode layer 923. The provision of the 
backgate electrode layer allows the first transistor 902 to more easily obtain 

normally-off characteristics. For example, when the potential of the backgate 
electrode layer 923 is set at GND or a fixed potential, the threshold voltage of the first 

20 transistor 902 can shift further in a positive direction, which leads to the formation of a 

normally-off transistor. 

[0258] 
In order to electrically connect the second transistor 901, the first transistor 902, 

and the capacitor 903 to form an electric circuit, one or more wiring layers for 

25 connecting these elements are stacked between layers and on the upper layer. 

[0259] 
In FIG. 14, to form the group in the switch in FIG. 3, for example, one of the 

source and the drain of the second transistor 901 is electrically connected to a wiring 

layer 914 through the contact plug 913. The wiring layer 914 is electrically connected 
30 to an output terminal of a programmable logic element. The other of the source and 

the drain of the second transistor 901 is electrically connected to a wiring layer 916 
through the contact plug 915. The wiring layer 916 is electrically connected to an 
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input terminal of another programmable logic element. The gate of the second 

transistor 901 is electrically connected to the drain electrode layer 928 of the first 
transistor 902 through a contact plug 917, a wiring layer 918, a contact plug 921, a 

wiring layer 922, and a contact plug 925. The drain electrode layer 928 is extended to 
5 the right in FIG. 14 and functions as a lower electrode layer of the capacitor 903. The 

gate insulating film 929 of the first transistor 902 is provided over the drain electrode 
layer 928. In a region where the capacitor 903 is formed, the gate insulating film 929 

functions as an interelectrode dielectric film of the capacitor 903. The upper electrode 
layer 931 is provided over the interelectrode dielectric film and electrically connected to 

10 a wiring layer 936 through a contact plug 935. The wiring layer 936 is a wiring for 
selecting a group that stores one piece of configuration data in a switch. 

[0260] 
The wiring layers 914, 916, 918, 922, and 936 and the backgate electrode layer 

923 are embedded in insulating films. These wiring layers and the like are preferably 
15 formed using a low-resistance conductive material such as copper or aluminum. 

Alternatively, the wiring layers can be formed using graphene formed by CVD as a 
conductive material. Graphene is a one-atom thick sheet of sp2-bonded carbon 

molecules or a stack of 2 to 100 sheets of the carbon molecules. Examples of a 
method of manufacturing such graphene are thermal CVD by which graphene is formed 

20 on a metal catalyst; and plasma CVD by which graphene is formed from methane, 
without using a catalyst, by plasma generated locally with ultraviolet light irradiation. 
[0261] 

By using such a low-resistance conductive material, RC delay of signals 
transmitted through the wiring layers can be reduced. When copper is used for the 

25 wiring layers, a barrier film is formed in order to prevent copper from diffusing into the 

channel formation region. The barrier film can be a tantalum nitride film, a stack of a 

tantalum nitride film and a tantalum film, a titanium nitride film, or a stack of a titanium 
nitride film and a titanium film, for example, but is not limited to a film containing such 
materials as long as the film has a function of preventing diffusion of a wiring material 

30 and has adhesion to the wiring material, an insulating film, or the like. The barrier 
film may be formed as a layer that is independently formed, or may be formed in such a 

manner that a material of the barrier film is included in a wiring material and 
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precipitated by heat treatment on the inner wall of an opening provided in an insulating 

film. 
[0262] 

The insulating films 911, 912, 919, 920, 933, and 934 can be formed using an 

5 insulator such as silicon oxide, silicon oxynitride, silicon nitride oxide, 
borophosphosilicate glass (BPSG), phosphosilicate glass (PSG), silicon oxide to which 

carbon is added (SiOC), silicon oxide to which fluorine is added (SiOF), 
tetraethylorthosilicate (TEOS) which is silicon oxide prepared from Si(OC2Hs)4, 
hydrogen silsesquioxane (HSQ), methyl silsesquioxane (MSQ), organosilicate glass 

10 (OSG), or an organic polymer-based material. In the case of advancing 
miniaturization of a semiconductor device, parasitic capacitance between wirings is 

significant and signal delay is increased; therefore, the relative permittivity of silicon 

oxide (k = 4.0 to 4.5) is too high, and a material with k = 3.0.or less is preferably used. 

In addition, since CMP treatment is performed after the wirings are embedded in the 
15 insulating films, the insulating films need to have high mechanical strength. The 

insulating films can be made porous to have a lower dielectric constant as long as their 
mechanical strength can be secured. The insulating films are formed by sputtering, 
CVD, a coating method including spin coating (also referred to as spin on glass (SOG)), 
or the like. 

20 [0263] 

An insulating film functioning as an etching stopper for planarization treatment 
by CMP or the like that is performed after the wiring material is embedded in the 
insulating films 911, 912, 919, 920, 933, and 934 may be additionally provided. 
[0264] 

25 Barrier films are provided over the wiring layers 914, 916, 918, 922, and 936 

and the backgate electrode layer 923, and a protective film is provided over each barrier 
film. The barrier film is provided in order to prevent diffusion of the wiring material 

such as copper. The barrier film can be formed using an insulating material such as 

silicon nitride, SiC, or SiBON. Note that a thick barrier film increases capacitance 

30 between wirings; therefore, a material having a barrier property and a low dielectric 
constant is preferably used. 

[0265] 
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Each of the contact plugs 913, 915, 917, 921, 925, and 935 is formed in such a 

manner that an opening (a via hole) with a high aspect ratio is formed in the insulating 

film and is filled with a conductive material such as tungsten. The opening is formed 

preferably by highly anisotropic dry etching and particularly preferably by reactive ion 
5 etching (RIE). The inner wall of the opening is covered with a barrier film (diffusion 

prevention film) formed of a titanium film, a titanium nitride film, a stack of such films, 

or the like, and a material such as tungsten or polysilicon doped with phosphorus or the 
like fills the opening. For example, tungsten is embedded in the via hole by blanket 
CVD, and an upper surface of the contact plug is planarized by CMR 

10 [0266] 
A protective insulating film 937 is provided in the top layer and prevents 

moisture and contaminant from entering a semiconductor device from the outside. The 
protective insulating film 937 can have a single-layer structure or a stacked structure 
using a material such as silicon nitride, silicon oxynitride, or silicon nitride oxide. 

15 [0267] 
With the above-described structure in which a transistor that includes a first 

semiconductor material and is capable of operating at high speed is used in combination 

with a transistor that includes a second semiconductor material and has significantly 
low off-state current, it is possible to fabricate a semiconductor device such as a PLD 

20 that includes a logic circuit capable of operating at high speed with low power. 

[0268] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0269] 

25 (Embodiment 9) 
The semiconductor device or the PLD in one embodiment of the present 

invention can be used for electronic devices in a wide variety of fields, such as digital 

signal processing devices, software-defined radio devices, avionic devices (electronic 

devices used in aircraft, such as communication systems, navigation systems, autopilot 
30 systems, and flight management systems), medical image processing devices, voice 

recognition devices, encryption devices, emulators for mechanical systems, and radio 

telescopes in radio astronomy. Application in. ASIC prototyping .in-addition to the 
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application in the field of bioinformatics is also possible. 
[0270] 

Examples of consumer products are display devices, personal computers, and 

image reproducing devices provided with recording media (devices that reproduce the 
5 content of recording media such as digital versatile discs (DVDs) and have displays for 

displaying the reproduced images). Other examples are mobile phones, game consoles 
including portable game consoles, portable information terminals, e-book readers, 
cameras such as video cameras and digital still cameras, goggle-type displays (head 
mounted displays), navigation systems, audio reproducing devices (e.g., car audio 

10 systems and digital audio players), copiers, facsimiles, printers, and multifunction 
printers. FIGS. 15A to 15F illustrate specific examples of these electronic devices. 

[0271] 
FIG. 15A illustrates a portable game console including a housing 5001, a 

housing 5002, a display portion 5003, a display portion 5004, a microphone 5005, a 
15 speaker 5006, an operation key 5007, a stylus 5008, and the like. Note that although 

the portable game console illustrated in FIG. 15A has the two display portions 5003 and 
5004, the number of display portions is not limited to two. 

[0272] 
FIG. 15B illustrates a portable information terminal including a first housing 

20 5601, a second housing 5602, a first display portion 5603, a second display portion 
5604, a joint 5605, an operation key 5606, and the like. The first display portion 5603 
is provided in the first housing 5601, and the second display portion 5604 is provided in 
the second housing 5602. The first housing 5601 and the second housing 5602 are 
connected to each other with the joint 5605, and the angle between the first housing 

25 5601 and the second housing 5602 can be changed with the joint 5605. Images on the 

first display portion 5603 may be switched in accordance with the angle between the 
first housing 5601 and the second housing 5602. A display device with a position 

input function may be used as at least one of the first display portion 5603 and the 
second display portion 5604. Note that the position input function can be added by 

30 provision of a touch panel in a display device. Alternatively, the position input 

function can be added by provision of a photoelectric conversion element called a 
photosensor in a pixel area of a display device. 
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[0273] 

FIG. 15C illustrates a laptop including a housing 5401, a display portion 5402, 
a keyboard 5403, a pointing device 5404, and the like. 

[0274] 
5 FIG. 15D illustrates an electric refrigerator-freezer including a housing 5301, a 

refrigerator door 5302, a freezer door 5303, and the like. 

[0275] 
FIG. 15E illustrates a video camera including a first housing 5801, a second 

housing 5802, a display portion 5803, operation keys 5804, a lens 5805, a joint 5806, 

10 and the like. The operation keys 5804 and the lens 5805 are provided in the first 
housing 5801, and the display portion 5803 is provided in the second housing 5802. 
The first housing 5801 and the second housing 5802 are connected to each other with 
the joint 5806, and the angle between the first housing 5801 and the second housing 
5802 can be changed with the joint 5806. Images displayed on the display portion 

15 5803 may be switched in accordance with the angle between the first housing 5801 and 

the second housing 5802. 
[0276] 

FIG. 15F illustrates a passenger car including a car body 5101, wheels 5102, a 

dashboard 5103, lights 5104, and the like. 

20 [0277] 
This embodiment can be combined with any of the other embodiments as 

appropriate. 
[0278] 

(Embodiment 10) 
25 Next, the description is made on differences in operation between a switch that 

includes a transistor using an oxide semiconductor (OS) film and a switch that includes 
a transistor using a silicon (Si) film and a pair of inverters. 

[0279] 
FIG. 16 illustrates circuit diagrams of a group 720a including a transistor using 

30 an OS film and a group 720b including transistors using a silicon (Si) film and a pair of 
inverters. FIG. 16 also shows timing charts of the potential of a node FD in the groups 

720a and 720b and the potential of a signal IN that includes configuration data and is 
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supplied to a wiring 721. 
[0280] 

In each of the groups 720a and 720b, the on/off state of a transistor 701 is 
controlled with the potential of a wiring 722, and a potential that corresponds to 

5 configuration data and is supplied from the wiring 721 is held at the node FD to control 
the on/off state of a transistor 702. Note that the timing charts in FIG. 16 show an 
example where the transistor 702 is an n-channel transistor. 
[0281] 

In the group 720b, the potential of the node FD is held by inverters 780 and 
10 781. On the other hand, in the group 720a, the potential of the node FD is held using 

extremely low off-state current of the transistor 701 including an OS film. 
Accordingly, when the transistor 701 is off in the group 720a, the node FD serves as a 
floating electrode with excellent insulating property between other electrodes or wirings. 
For this reason, the group 720a can hold the potential of the node FD with a smaller 

15 number of transistors than the group 720b. 

[0282] 

Since the node FD becomes floating in the group 720a, the boosting effect 
described below can be expected. Specifically, when the node FD is floating in the 
group 720a, the potential of the node FD is increased by various capacitances of the 

20 transistor 702 as the potential of the signal IN changes from low level to high level. 
When configuration data written into the group 720a is "0", the transistor 702 is in a 
weak inversion mode, so that a capacitance Cgs generated between the source and the 
gate contributes to an increase in the potential of the node FD. On the other hand, 
when configuration data written into the group 720a is "1", the transistor 702 is in a 

25 strong inversion mode, so that a capacitance Cox generated between a channel 

formation region and the gate as well as the capacitance Cgs contributes to an increase 
in the potential of the node FD. Thus, the capacitance of the transistor 702 that 

contributes to an increase in the potential of the node FD is larger with the configuration 
data "1" than with the configuration data "0". Consequently, the group 720a obtains a 

30 boosting effect such that the potential of the node FD is further increased with a change 
in the potential of the signal IN in the case where the configuration data is "1" as 

compared to the case where the configuration data is "0". With the boosting effect, the 
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switching speed of the group 720a increases when the configuration data is "1", and the 

transistor 702 is turned off when the configuration data is "0". 

[0283] 

In a switch included in a routing resource of a general PLD, an n-channel 

5 transistor is used in order to increase integration density. The switch, however, has a 
problem of reduction in switching speed because the potential of a signal passing 
through a gate of the n-channel transistor is lowered due to the threshold voltage. 

There has been suggested a method in which overdriving (driving with high potential 
application to a gate of an n-channel transistor) is used to increase the switching speed; 

10 however, employing this method might degrade the reliability of the n-channel 
transistor used in the switch. In contrast, in one embodiment of the present invention, 

. when the configuration data is "1", the boosting effect can increase the switching speed 
of the group 720a without using overdriving; consequently, it is not necessary to 
sacrifice the reliability to increase the switching speed. 

15 [0284] 

In the group 720b, the potential of the node FD is increased with the boosting 
effect but returned to the previous potential immediately by the inverters 780 and 781. 

As a result, the group 720b cannot gain the benefit of higher switching speed 
contributed by the boosting effect. 

20 [0285] 
Unlike in Reference 1 (K. C. Chun, P. Jain, J. H. Lee, and C. H. Kim, "A 3T 

Gain Cell Embedded DRAM Utilizing Preferential Boosting for High Density and Low 
Power On-Die Caches", IEEE Journal of Solid-State Circuits, vol. 46, no. 6, pp. 
1495-1505, June 2011) and Reference 2 (F. Eslami and M. Sima, "Capacitive Boosting 

25 for FPGA Interconnection Networks", Int. Conf. on Field Programmable Logic and 

Applications, 2011, pp. 453-458), the group 720a is expected to have another 
advantageous effect. 

[0286] 

Since the circuit structure of Reference 1 is proposed with the purpose of 
30 improving data retention time and read speed of a DRAM, the number of memory cells 

is large, and a read bit line (RBL) connected to an output of the memory cell has large 
parasitic capacitance. In contrast, in the group 720a, a signal OUT is supplied to a gate 



67 

of a CMOS, so that the parasitic capacitance of the output of the group 720a is smaller 
than that in Reference 1. Thus, the group 720a also provides a secondary boosting 

effect that the potential of the signal OUT is increased by a capacitance Cgd generated 
between the drain and the gate and an increase in the potential of the node FD due to the 

5 capacitance Cgs of the transistor 702. In other words, when the group 720a is used as 

a switch circuit for controlling connection between wirings, the switching speed is 
further increased because of the secondary boosting effect. In addition, the group 720a 

can hold the increased potential of the node FD with fewer transistors than in Reference 
2. 

10 [0287] 
To verify the above-described boosting effect, two kinds of 101-stage ring 

oscillator (RO) circuit TEGs that include the group 720a or the group 720b at an output 
of each stage were fabricated, and the delay time of the group 720a or the group 720b 
was evaluated from the oscillation frequency. The channel widths W of an n-channel 

15 transistor and a p-channel transistor of an inverter included in the RO circuit TEG were 

16 (J.m and 32 (j.m, respectively. The channel widths W of the transistors 702 included 

in the groups 720a and 720b were 16 fim. The channel width W of the transistor 701 

included in the group 720a was 4 jam, and that of the transistor 701 included in the 

group 720b was 8 |im. The channel widths W of an n-channel transistor and a 

20 p-channel transistor included in the inverters 780 and 781 in the group 720b were 4 (im 

and 8 prn, respectively. The channel lengths L of all the n-channel and p-channel 

transistors including a silicon film were 0.5 jam. As the transistor 701 in the group 

720a, a transistor which includes a CAAC-OS film containing an In-Ga-Zn-based oxide 

and has a channel length L of 1 pm was used. The transistor 701 was stacked over the 

25 transistor including a silicon film. 

[0288] 

The delay time per stage of the RO with respect to an overdrive voltage that is 
a difference between a power supply voltage (VDDRO) in the RO circuit TEG and a 

power supply voltage (VDDMEM) in the inverters 780 and 781 of the group 720b was 

30 measured. Note that the difference between a high-level potential and a low-level 

potential supplied to the wirings 721 and 722 corresponds to VDDMEM-
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[0289] 

FIG. 17 shows the measurement results of the delay time. In FIG. 17, the 

horizontal axis represents overdrive voltage (mV) and the vertical axis represents delay 
time per stage of the RO. Note that in FIG. 17, the delay time on the vertical axis is 

5 relative to a measured delay time with VDDRO of 2.00 V and an overdrive voltage of 0 

V. In FIG. 17, solid lines represent a delay time with VDDRO of 2.00 V; dashed-dotted 
lines, a delay time with VDDRO of 2.25 V; and chain lines, a delay time with VDDRO of 
2.50 V. 
[0290] 

10 As shown in FIG. 17, it is confirmed that the delay time of the RO circuit 
including the group 720a is shorter than that of the RO circuit including the group 720b, 

and that the delay time depends on the structures of the groups 720a and 720b. 

[0291] 
Further, FIG. 17 shows that in the group 720b, the overdrive effect of 

15 increasing the switching speed by an increase in overdrive voltage is more pronounced 

with lower VDDRO. However, the switching speed of the group 720b is not higher 

than that of the group 720a even when an overdrive voltage of more than 20 % of 

VDDRO is applied. Note that when configuration data is written into the group 720a, 
the potential of the node FD is lowered due to the threshold voltage of the transistor 701 

20 and thus becomes lower than VDDMEM- Nevertheless, it is worth noting that the group 
720a to which the overdrive voltage is not applied achieves a higher switching speed 
than the group 720b to which the overdrive voltage is applied. 

[0292] 
It is also confirmed that with the same overdrive voltage, power consumption 

25 of the RO circuit including the group 720a is smaller than that of the RO circuit 
including the group 720b. 

[0293] 

By SPICE simulation for the RO circuit TEG, the increase in the potential of 
the node FD with an increase in the potential of the signal IN in the RO circuit including 

30 the group 720a was evaluated. In the simulation, VDDRO was 2.5 V. The simulation 

results show that with an increase in the potential of the signal IN, the potential of the 
node FD is increased by 0.75 V when the configuration data is "1" and by, 0.07 V when 
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the configuration data is "0". 

[0294] 

As mentioned above, it was demonstrated that a semiconductor device 
including the group 720a achieves high performance such as low power consumption 

5 and high switching speed even when the semiconductor device uses a single power 

supply voltage without using an overdrive voltage. 
[0295] 

This embodiment can be combined with any of the other embodiments as 
appropriate. 

10 
EXPLANATION OF REFERENCE 
[0296] 
30: LUT, 31: multiplexer, 32: multiplexer, 33: multiplexer, 3,4: multiplexer, 35: 
multiplexer, 36: multiplexer, 37: multiplexer, 40: LUT, 41: multiplexer, 42: multiplexer, 

15 43: multiplexer, 44: OR circuit, 51: transistor, 52: inverter, 53: inverter, 54: inverter, 60: 
switch, 61a: first transistor, 61b: first transistor, 61c: first transistor, 62a: second 

transistor, 62b: second transistor, 62c: second transistor, 63_1: wiring, 63_2: wiring, 

64_la: wiring, 64_lb: wiring, 64_lc: wiring, 64_2a: wiring, 64_2b: wiring, 64_2c: 

wiring, 65a: wiring, 65b: wiring, 65c: wiring, 65_la: wiring, 65_lb: wiring, 65_lc: 

20 wiring, 65_2a: wiring, 65_2b: wiring, 65_2c: wiring, 66a: capacitor, 66b: capacitor, 66c: 

capacitor, 101: logic array, 102: programmable logic element, 103a: horizontal wiring 
group, 103b: vertical wiring group, 104: switch box, 105: output terminal, 106: switch 
group, 110: wiring, 111: wiring, 112: switch, 113: switch, 114: switch, 115: switch, 116: 
switch, 117: switch, 200: switch, 201a: first transistor, 201b: first transistor, 201c: first 

25 transistor, 202a: second transistor, 202b: second transistor, 202c: second transistor, 

203a: node, 203b: node, 203c: node, 204a: capacitor, 204b: capacitor, 204c: capacitor, 
205a: wiring, 205b: wiring, 205c: wiring, 206a: wiring, 206b: wiring, 206c: wiring, 207: 
wiring, 210: wiring, 211: wiring, 212: programmable logic element, 213: lookup table, 
214: flip-flop, 215: AND circuit, 216: wiring, 217: wiring, 218: programmable logic 

30 element, 219: lookup table, 220: flip-flop, 221: AND circuit, 230: group, 231: group, 
232: group, 300: switch, 301a: first transistor, 301b: first transistor, 301c: first transistor, 
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302a: second transistor, 302b: second transistor, 302c: second transistor, 303a: node, 

303b: node, 303c: node, 304a: capacitor, 304b: capacitor, 304c: capacitor, 305a: wiring, 

305b: wiring, 305c: wiring, 306a: wiring, 306b: wiring, 306c: wiring, 307: wiring, 310: 

wiring, 311: wiring, 312: programmable logic element, 313: lookup table, 314: flip-flop, 

5 315: AND circuit, 316: wiring, 317: wiring, 318: programmable logic element, 319: 

lookup table, 320: flip-flop, 321: AND circuit, 330: group, 331: group, 332: group, 400: 

switch, 401a: first transistor, 401b: first transistor, 40In: first transistor, 402a: second 

transistor, 402b: second transistor, 402n: second transistor, 403a: node, 403b: node, 
403n: node, 404a: capacitor, 404b: capacitor, 404n: capacitor, 405a: wiring, 405b: 

10 wiring, 405n: wiring, 406a: wiring, 406b: wiring, 406n: wiring, 407: wiring, 410: wiring, 
411: wiring, 412: programmable logic element, 413: lookup table, 414: flip-flop, 415: 
AND circuit, 418: programmable logic element, 419: lookup table, 420: flip-flop, 421: 
AND circuit, 430: group, 431: group, 432: group, 500: switch, 501a: first transistor, 

501b: first transistor, 502a: second transistor, 502b: second transistor, 503a: node, 503b: 
15 node, 504a: capacitor, 504b: capacitor, 505a: wiring, 505b: wiring, 506a: wiring, 506b: 

wiring, 507: wiring, 510: wiring, 511: wiring, 512: programmable logic element, 513: 

lookup table, 514: flip-flop, 515: AND circuit, 518: programmable logic element, 519: 

lookup table, 520: flip-flop, 521: AND circuit, 530: group, 531: group, 540: transistor, 
600: switch, 601a: first transistor, 601b: first transistor, 601c: first transistor, 602a: 

20 second transistor, 602b: second transistor, 602c: second transistor, 603a: node, 603b: 
node, 603c: node, 605a: wiring, 605b: wiring, 605c: wiring, 606a: wiring, 606b: wiring, 
606c: wiring, 607: wiring, 608a: third transistor, 608b: third transistor, 608c: third 
transistor, 610: wiring, 611: wiring, 612: programmable logic element, 613: lookup 

table, 614: flip-flop, 615: AND circuit, 616: wiring, 617: wiring, 618: programmable 
25 logic element, 619: lookup table, 620: flip-flop, 621: AND circuit, 630: group, 631: 

group, 632: group, 701: transistor, 702: transistor, 720a: group, 720b: group, 721: wiring, 

722: wiring, 780: inverter, 781: inverter, 900: substrate, 901: second transistor, 902: first 

transistor, 903: capacitor, 904: well, 905: STI, 906: impurity region, 907: gate insulating 

film, 908: gate electrode layer, 909: sidewall insulating film, 910: insulating film, 911: 
30 insulating film, 912: insulating film, 913: contact plug, 914: wiring layer, 915: contact 

plug, 916: wiring layer, 917: contact plug, 918: wiring layer, 919: insulating film, 920: 

insulating film, 921: contact plug, 922: wiring layer, 923: backgate electrode layer, 924: 
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insulating film, 925: contact plug, 926: oxide semiconductor film, 927: source electrode 
layer, 928: drain electrode layer, 929: gate insulating film, 930: gate electrode layer, 

931: upper electrode layer, 932: insulating film, 933: insulating film, 934: insulating 

film, 935: contact plug, 936: wiring layer, 937: protective insulating film, 5001: housing, 
5 5002: housing, 5003: display portion, 5004: display portion, 5005: microphone, 5006: 

speaker, 5007; operation key, 5008: stylus, 5101: car body, 5102: wheel, 5103: 
dashboard, 5104: light, 5301: housing, 5302: refrigerator door, 5303: freezer door, 5401: 
housing, 5402: display portion, 5403: keyboard, 5404: pointing device, 5601: housing, 
5602: housing, 5603: display portion, 5604: display portion, 5605: joint, 5606: 

10 operation key, 5801: housing, 5802: housing, 5803: display portion, 5804: operation key, 
5805: lens, 5806: joint, INI: input terminal, IN2: input terminal, IN3: input terminal, 
IN4: input terminal, Al: control terminal, A2: input terminal, A3: input terminal, A4: 
input terminal, A5: input terminal, A6: control terminal, A7: input terminal, A8: input 
terminal, Ml: input terminal, M2: input terminal,M3: input terminal, M4: input terminal, 

15 M5: input terminal, M6: input terminal, M7: input terminal, M8: input terminal, OUT: 
output terminal 

This application is based on Japanese Patent Applications serial No. 
2012-105031 filed with Japan Patent Office on May 2, 2012, the entire contents of 

20 which are hereby incorporated by reference. 
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CLAIMS 

1. A semiconductor device comprising: 

a first programmable logic element and a second programmable logic 

element; 
a vertical wiring interposed between the first programmable logic element and 

the second programmable logic element; 

a horizontal wiring perpendicular to the vertical wiring; and 

a group of switches located at a cross point of the vertical wiring and the 

horizontal wiring, the group of switches comprising first to sixth switches, 

wherein: 

the first switch and the second switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; 

the third switch and the fourth switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; 

the fifth switch and the sixth switch are configured to determine conduction 

of the vertical wiring and the horizontal wiring, respectively, and 

wherein each of the first to sixth switches comprises a first transistor 

including an oxide semiconductor in a channel formation region. 

2. The semiconductor device according to claim 1, 

wherein each of the first to sixth switches comprises: 

a second wiring; and 

a plurality of circuit groups, 

wherein each of the plurality of circuit groups comprises: 

a first wiring; and 

the first transistor and a second transistor each comprising a gate, a source, 

and a drain, and 

wherein: 

the gate of the first transistor is electrically connected to the first wiring; 

the source of the first transistor is electrically connected to the second wiring; 
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the gate of the second transistor is electrically connected to the drain of the 

first transistor; 

the sources of the second transistors of the plurality of circuit groups are 

electrically connected to one another; 

the drains of the second transistors of the plurality of circuit groups are 

electrically connected to one another; 

the first programmable logic element is electrically connected to the sources 

of the second transistors of the plurality of circuit groups; and 

the second programmable logic element is electrically connected to the drains 

of the second transistors of the plurality of circuit groups. 

3. The semiconductor device according to claim 2, 

wherein each of the plurality of circuit groups further comprises a capacitor 

and a third wiring, and 

wherein, in each of the plurality of circuit groups, one of electrodes of the 
capacitor is electrically connected to the gate of the second transistor and the other of 

the electrodes of the capacitor is electrically connected to the third wiring. 

4. The semiconductor device according to claim 2, wherein the second 

transistor comprises silicon in a channel formation region. 

5. The semiconductor device according to claim 2, wherein the second 

transistor is a p-channel transistor. 

6. The semiconductor device according to claim 2, wherein the number of the 

plurality of circuit groups is 2. 

7. A semiconductor device comprising: 

a first programmable logic element and a second programmable logic 

element; 
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a vertical wiring interposed between the first programmable logic element and 

the second programmable logic element; 

a horizontal wiring perpendicular to the vertical wiring; and 
a group of switches located at a cross point of the vertical wiring and the 

horizontal wiring, the group of switches comprising first to sixth switches, 
wherein: 

the first switch and the second switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; 

the third switch and the fourth switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; and 

the fifth switch and the sixth switch are configured to determine conduction 

of the vertical wiring and the horizontal wiring, respectively, 

wherein each of the first to sixth switches comprises a first transistor 

including an oxide semiconductor in a channel formation region, 

wherein each of the first to sixth switches comprises: 

a first wiring and a second wiring; and 

the first transistor and a second transistor each comprising a gate, a source, 

and a drain, 

wherein: 

the gate of the first transistor is electrically connected to the first wiring; 

the source of the first transistor is electrically connected to the second wiring; 

and 

the gate of the second transistor is electrically connected to the drain of the 

first transistor, 

wherein the first programmable logic element is electrically connected to the 
source of the second transistor, and 

wherein the second programmable logic element is electrically connected to 

the drain of the second transistor. 

8. The semiconductor device according to claim 7, 
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wherein each of the first to sixth switches further comprises a capacitor and a 
third wiring, and 

wherein one of electrodes of the capacitor is electrically connected to the gate 

of the second transistor and the other of the electrodes of the capacitor is electrically 

connected to the third wiring. 

9. The semiconductor device according to claim 7, wherein the second 

transistor comprises silicon in a channel formation region. 

10. The semiconductor device according to claim 7, wherein the second 
transistor is a p-channel transistor. 

11. A semiconductor device comprising: 

a first programmable logic element and a second programmable logic 

element; 

a vertical wiring interposed between the first programmable logic element and 

the second programmable logic element; 

a horizontal wiring perpendicular to the vertical wiring; and 

a group of switches located at a cross point of the vertical wiring and the 

horizontal wiring, the group of switches comprising first to sixth switches, 

wherein: 

the first switch and the second switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; 

the third switch and the fourth switch are configured to determine conduction 

between the vertical wiring and the horizontal wiring; and 

the fifth switch and the sixth switch are configured to determine conduction 

of the vertical wiring and the horizontal wiring, respectively, 

wherein each of the first to sixth switches comprises a first transistor 

including an oxide semiconductor in a channel formation region, 

wherein each of the first to sixth switches comprises: 

a first wiring and a second wiring; and 



76 

the first transistor, a second transistor, and a third transistor each comprising a 

gate, a source, and a drain, 

wherein: 

the gate of the first transistor is electrically connected to the first wiring; 

the source of the first transistor is electrically connected to the second wiring; 

the gate of the second transistor is electrically connected to the drain of the 

first transistor; and 

the source of the third transistor is electrically connected to the drain of the 

second transistor, 

wherein the first programmable logic element is electrically connected to the 

source of the second transistor, and 

wherein the second programmable logic element is electrically connected to 

the drain of the third transistor. 

12. The semiconductor device according to claim 11, 

wherein each of the first to sixth switches further comprises a third wiring, 

and 

wherein the gate of the third transistor is electrically connected to the third 
wiring. 

13. The semiconductor device according to claim 11, wherein each of the 

second transistor and the third transistor comprises silicon in a channel formation 

region. 

14. The semiconductor device according to claim 11, wherein each of the 

second transistor and the third transistor is a p-channel transistor. 


