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(57) ABSTRACT

According to one embodiment, a semiconductor device 1
includes a temperature sensor module 10 that outputs a
non-linear digital value with respect to temperature and a
substantially linear sensor voltage value with respect to the
temperature, a storage unit 30 that stores the temperature,
the digital value, and the sensor voltage value, and a
controller 40 that calculates a characteristic formula using
the temperature, the digital value, and the sensor voltage
value stored in the storage unit 30, in which the temperature,
the digital value, and the sensor voltage value stored in the
storage unit 30 include absolute temperature under measure-
ment of absolute temperature, the digital value at the abso-
lute temperature, and the sensor voltage value at the absolute
temperature.
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SEMICONDUCTOR DEVICE,
TEMPERATURE SENSOR AND POWER
SUPPLY VOLTAGE MONITOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation of U.S. patent
application Ser. No. 16/519,496, filed Jul. 23, 2019, which
is a Continuation of U.S. patent application Ser. No. 15/473,
979, filed on Mar. 30,2017, which is based upon and claims
the benefit of priority from Japanese Patent Application No
.2016-088886, filed on Apr. 27, 2016, the disclosure of
which are incorporated herein in their entirety by reference.

BACKGROUND

[0002] The present invention relates to a semiconductor
device, a temperature sensor, and a power supply voltage
monitor, and relates to, for example, a semiconductor
device, a temperature sensor, and a power supply voltage
monitor capable of measuring temperature and a power
supply voltage with high accuracy.

[0003] An in-vehicle information terminal has not only a
navigation function but also TV, DVD, and audio functions
and has tended to have more and more functions. A semi-
conductor device used in such an in-vehicle information
terminal includes a temperature sensor module that monitors
temperature of the semiconductor device therein in order to
achieve high-speed processing.

[0004] As a technique related to the temperature sensor
module, Japanese Unexamined Patent Application Publica-
tion No. 2013-064677 is, for example, disclosed.

[0005] Japanese Unexamined Patent Application Publica-
tion No. 2014-145704 discloses a technique for correcting
temperature characteristics for each temperature sensor
module using a value of variations in characteristics
obtained upon checking the characteristics of semiconduc-
tors during manufacture thereof.

SUMMARY

[0006] In order to perform correction with high accuracy
in the method of correcting the temperature characteristics
for each temperature sensor module using the value of
variations in the characteristics obtained upon checking the
characteristics of semiconductors during manufacture
thereof in, for example, Japanese Unexamined Patent Appli-
cation Publication No. 2014-145704, it is required to
increase the number of test processes in a wafer state where
absolute temperature of the semiconductor chip can be
measured, which causes the cost to be increased.

[0007] An embodiment has been made in order to solve
the aforementioned problem and provides a semiconductor
device, a temperature sensor, and a power supply voltage
monitor capable of measuring temperature and a power
supply voltage with high accuracy.

[0008] The other problems of the related art and the novel
characteristics of the present invention will be made appar-
ent from the descriptions of the specification and the accom-
panying drawings.

[0009] According to one embodiment, a semiconductor
device includes a temperature sensor module that outputs a
non-linear digital value with respect to temperature and a
substantially linear sensor voltage value with respect to the
temperature; a storage unit that stores the temperature, the
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digital value, and the sensor voltage value; and a controller
that calculates a characteristic formula using the tempera-
ture, the digital value, and the sensor voltage value stored in
the storage unit, in which the temperature, the digital value,
and the sensor voltage value stored in the storage unit
include absolute temperature under measurement of abso-
lute temperature, the digital value at the absolute tempera-
ture, and the sensor voltage value at the absolute tempera-
ture.

[0010] According to the embodiment, it is possible to
provide a semiconductor device, a temperature sensor, and a
power supply voltage monitor capable of measuring tem-
perature and a power supply voltage with high accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The above and other aspects, advantages and fea-
tures will be more apparent from the following description
of certain embodiments taken in conjunction with the
accompanying drawings, in which:

[0012] FIG. 1 is a configuration diagram that exemplifies
a temperature sensor module;

[0013] FIG. 2 is a graph that exemplifies temperature
characteristics of a voltage value and a sensor voltage value
output from a temperature detection circuit, in which the
horizontal axis indicates temperature and the vertical axis
indicates the voltage value;

[0014] FIG. 3 is a graph that exemplifies temperature
characteristics of a digital value output from the temperature
sensor module, in which the horizontal axis indicates tem-
perature and the vertical axis indicates the digital value;
[0015] FIG. 4 is a configuration diagram that exemplifies
a semiconductor device according to a first embodiment;
[0016] FIG. 5 is a flowchart that exemplifies a method of
manufacturing the semiconductor device according to the
first embodiment;

[0017] FIG. 6 is a flowchart that exemplifies an operation
of the semiconductor device according to the first embodi-
ment;

[0018] FIG. 7 is a diagram that exemplifies temperature
characteristics of a sensor voltage value acquired in a
process for manufacturing the semiconductor device accord-
ing to the first embodiment, in which the horizontal axis
indicates temperature and the vertical axis indicates the
sensor voltage value;

[0019] FIG. 8 is a diagram that exemplifies temperature
characteristics of a digital value and characteristic formulae
acquired in the process for manufacturing the semiconductor
device according to the first embodiment, in which the
horizontal axis indicates temperature and the vertical axis
indicates the digital value;

[0020] FIG. 9 is a diagram that exemplifies temperature
characteristics of a sensor voltage value acquired in a
process for manufacturing a semiconductor device accord-
ing to Modified Example 2 of the first embodiment, in which
the horizontal axis indicates temperature and the vertical
axis indicates the sensor voltage value;

[0021] FIG. 10 is a diagram that exemplifies temperature
characteristics of a sensor voltage value acquired in a
process for manufacturing a semiconductor device accord-
ing to Modified Example 3 of the first embodiment, in which
the horizontal axis indicates temperature and the vertical
axis indicates the sensor voltage value;

[0022] FIG. 11 is a diagram that exemplifies temperature
characteristics of a digital value and a characteristic formula



US 2021/0231508 Al

acquired in a process for manufacturing a semiconductor
device according to Modified Example 4 of the first embodi-
ment, in which the horizontal axis indicates temperature and
the vertical axis indicates the digital value;

[0023] FIG. 12 is a diagram that exemplifies temperature
characteristics of a digital value and a characteristic formula
acquired in a process for manufacturing a semiconductor
device according to Modified Example 5 of the first embodi-
ment, in which the horizontal axis indicates temperature and
the vertical axis indicates the digital value;

[0024] FIG. 13 is a diagram that exemplifies temperature
characteristics of a sensor voltage value acquired in a
process for manufacturing a semiconductor device accord-
ing to Modified Example 6 of the first embodiment, in which
the horizontal axis indicates temperature and the vertical
axis indicates the sensor voltage value;

[0025] FIG. 14 is a diagram that exemplifies temperature
characteristics of a digital value and a characteristic formula
acquired in a process for manufacturing a semiconductor
device according to Modified Example 7 of the first embodi-
ment, in which the horizontal axis indicates temperature and
the vertical axis indicates the digital value;

[0026] FIG. 15 is a configuration diagram that exemplifies
a semiconductor device according to a second embodiment;
[0027] FIG. 16 is a flowchart that exemplifies an operation
of the semiconductor device according to the second
embodiment;

[0028] FIG. 17 is a graph that exemplifies a digital value
output from a temperature sensor module for a reference of
the semiconductor device according to the second embodi-
ment at a time of startup, in which the horizontal axis
indicates temperature and the vertical axis indicates the
digital value;

[0029] FIG. 18 is a graph that exemplifies a digital value
output from a temperature sensor module for a normal
operation of the semiconductor device according to the
second embodiment at the time of startup, in which the
horizontal axis indicates temperature and the vertical axis
indicates the digital value;

[0030] FIG. 19 is a configuration diagram that exemplifies
a semiconductor device according to a third embodiment;
and

[0031] FIG. 20 is a diagram that exemplifies a relation
between a temperature sensor module and control of a power
supply IC.

DETAILED DESCRIPTION

[0032] For the clarification of the description, the follow-
ing description and the drawings may be omitted or simpli-
fied as appropriate. Further, each element shown in the
drawings as functional blocks that perform various process-
ing can be formed of a CPU, a memory, and other circuits
in hardware and may be implemented by programs loaded in
the memory in software. Those skilled in the art will
therefore understand that these functional blocks may be
implemented in various ways by only hardware, only soft-
ware, or the combination thereof without any limitation.
Throughout the drawings, the same components are denoted
by the same reference symbols and overlapping descriptions
will be omitted as appropriate.

[0033] First, with reference to FIGS. 1 to 3, in order to
make clear the structure of a temperature sensor module
according to embodiments, a method of correcting tempera-
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ture characteristics of the temperature sensor module dis-
cussed by the present inventors will be described.

[0034] FIG. 1 is a configuration diagram that exemplifies
the temperature sensor module. A temperature sensor mod-
ule 10 embedded in a semiconductor device includes a
temperature sensor unit 11, a power supply voltage monitor
unit 12, and a control logic 13. The temperature sensor unit
11 further includes a temperature detection circuit 14, an
A/D converter 15, and analog buffers 16 and 17. The power
supply voltage monitor unit 12 includes an analog buffer 18
and an A/D converter 19. The temperature detection circuit
14 is, for example, a bandgap reference circuit (a BGR
circuit). The temperature sensor unit 11 and the power
supply voltage monitor unit 12 are also collectively called an
analog unit.

[0035] As shown in FIG. 2, in the temperature sensor unit
11, the temperature detection circuit 14 outputs a voltage
value Vref indicating a somewhat arcuate (having a peak at
the room temperature) characteristic 14a with respect to a
junction temperature Tj and a sensor voltage value Vsense
indicating a substantially linear characteristic 146 with
respect to the junction temperature Tj. The junction tem-
perature Tj indicates temperature of an in-chip PN junction
of'a semiconductor product. The voltage value Vref and the
sensor voltage value Vsense output from the temperature
detection circuit 14 are combined with each other and the
combined value is converted into a digital value as a
temperature sensor by the A/D converter 15 shown in FIG.
1.

[0036] On the other hand, in the power supply voltage
monitor unit 12, a power supply voltage VDD in the
semiconductor device (this is also called an internal voltage
in the semiconductor device) and the voltage value Vref are
combined with each other and the combined value is con-
verted into a digital value of a power supply voltage monitor
by the A/D converter 19 shown in FIG. 1. The A/D conver-
sion is performed based on the correlation obtained in
characterization using a specific conversion formula or a
conversion table.

[0037] The digital value after the A/D conversion is stored
in a register in the control logic 13 and is monitored.
[0038] As shown in FIG. 3, temperature sensor modules
10 indicate various characteristics 11a to 1lc that reflect
variations of the specific characteristics of the respective
temperature sensor modules 10 in digital values of the
temperature sensor after the A/D conversion. There is a
method of collectively adjusting the offset of the character-
istics 11a to 1lc that are varied to a characteristic 11d.
However, since the offset is collectively adjusted in this
method, it is impossible to perform correction while reflect-
ing the arcuate (non-linear) characteristics of the voltage
value Vref. Further, in order to perform the correction while
reflecting the arcuate characteristics, it may be possible to
increase the number of test processes where the character-
ization is performed in a wafer state. However, since the
number of test processes is increased, the cost is also
increased.

First Embodiment

[0039] A semiconductor device according to a first
embodiment will be described. First, a configuration of the
semiconductor device according to the first embodiment will
be described. FIG. 4 is a configuration diagram that exem-
plifies a semiconductor device 1 according to the first
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embodiment. As shown in FIG. 4, the semiconductor device
1 includes a temperature sensor module 10, a test module 20,
a storage unit 30, and a controller 40. The semiconductor
device 1 is not limited to the semiconductor device 1 used
for in-vehicle information terminals and may be used for
desired semiconductor devices such as mobile information
terminals or high-speed computers.

[0040] As shown in FIGS. 1 and 4, the temperature sensor
module 10 includes the temperature sensor unit 11, the
power supply voltage monitor unit 12, and the control logic
13. The temperature sensor unit 11 includes the temperature
detection circuit 14 therein. The temperature detection cir-
cuit 14 is, for example, a bandgap reference circuit (a BGR
circuit).

[0041] As shown in FIG. 2, the temperature detection
circuit 14 outputs the analog voltage value Vref indicating
the somewhat arcuate (having a peak at the room tempera-
ture) non-linear characteristic 14a with respect to the junc-
tion temperature Tj and the analog sensor voltage value
Vsense indicating a substantially linear characteristic 146
with respect to the junction temperature Tj. The power
supply voltage monitor unit 12 monitors the power supply
voltage VDD in the semiconductor device 1 (this voltage is
also called an internal voltage in the semiconductor device
1).

[0042] The temperature sensor module 10 outputs a digital
value THCODE. The digital value THCODE corresponds to
the digital value obtained by converting, by the A/D con-
verter 15, the analog sensor voltage value Vsense in com-
bination with the analog voltage value Vref. Since the
voltage value Vref has a somewhat arcuate non-linear char-
acteristic with respect to the junction temperature Tj, the
digital value THCODE also has a non-linear characteristic
with respect to the temperature. The temperature sensor
module 10 outputs, for example, a sensor voltage value
Vsense_H and a digital value THCODE_H at a high tem-
perature and a sensor voltage value Vsense_L and a digital
value THCODE_L at a low temperature.

[0043] Further, the temperature sensor module 10 outputs
a digital value of a power supply voltage monitor. The digital
value (power supply voltage digital value) of the power
supply voltage monitor is obtained by A/D converting, by
the A/D converter 19, the power supply voltage VDD in the
semiconductor device 1 in combination with the analog
voltage value Vref.

[0044] The test module 20 controls the temperature sensor
module 10 from an external terminal. A control signal input
through the external terminal is input to the temperature
sensor module 10 via the test module 20. Further, an output
signal output from the temperature sensor module 10 can be
extracted from the external terminal to the outside via the
test module 20.

[0045] The storage unit 30 is, for example, a fuse-type
memory (FUSE). The storage unit 30 stores temperatures,
digital values, sensor voltage values and the like. The
storage unit 30 outputs, based on the control signal output
from the controller 40 when the semiconductor device 1 is
started up, the digital value, the temperature, the sensor
voltage value and the like that have been stored to the
control logic 13, the controller 40 and the like of the
temperature sensor module 10.

[0046] The controller 40 is, for example, a central pro-
cessing unit (CPU). The controller 40 reads the temperature,
the digital value, and the sensor voltage value stored in the
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storage unit 30 through the register of the control logic 13 of
the temperature sensor module 10, the register of the con-
troller 40 and the like. Further, the controller 40 calculates
characteristic formulae using the temperature, the digital
value, and the sensor voltage value stored in the storage unit
30.

[0047] The characteristic formulae are formulae to convert
the digital values output from the A/D converters 15 and 19
into temperature values and to correct the temperature
characteristics of the temperature sensor module 10. When
the temperature inside the semiconductor device 1 is
changed, the digital value is also changed since the variation
in the characteristics of the bandgap reference circuit causes
variation in the reference voltage. The above formulae take
these variations into consideration. In this embodiment, the
variation in the reference voltage due to the change in the
temperature is considered.

[0048] Next, a method of manufacturing the semiconduc-
tor device 1 according to the first embodiment will be
described. FIG. 5 is a flowchart that exemplifies the method
of manufacturing the semiconductor device 1 according to
the first embodiment. First, an inspection in the wafer state
before the semiconductor device 1 is mounted on the printed
board will be described. When the inspection in the wafer
state is carried out, the temperature of the semiconductor
device 1 can be directly measured. That is, the inspection in
the wafer state is an inspection carried out under a circum-
stance in which the absolute temperature of the semicon-
ductor device 1 can be measured. According to a tempera-
ture control of a manufacturing apparatus or the like on
which the semiconductor device 1 is mounted, the charac-
teristics of the semiconductor device 1 in the wafer state are
inspected at a specific temperature. This inspection is per-
formed, for example, in a wafer test process, a probe
inspection process or the like.

[0049] Next, as shown in Step S11 in FIG. 5, the tempera-
ture of the semiconductor device 1 which is in the wafer
state is set to a low temperature (first temperature) lower
than the room temperature to cause the temperature sensor
module 10 to output the analog sensor voltage value
(Vsense_L) and the digital value (THCODE_L). Specifi-
cally, according to the temperature control of the manufac-
turing apparatus or the like, the temperature of the semi-
conductor device 1 is set to a temperature lower than the
room temperature, e.g., —41° C. The low temperature envi-
ronment in this case is an environment where the absolute
temperature of the semiconductor device 1 can be directly
measured. After the semiconductor device 1 is set to the low
temperature, only the temperature sensor module 10 is
controlled via the test module 20. In a normal operation after
the semiconductor device 1 is mounted on the printed board,
the controller 40, a phase locked loop (PLL) and the like
operate, whereby a large current flows, noise is mixed into
the ground (GND), or the ground is floated. However, by
controlling only the temperature sensor module 10 via the
test module 20 without operating the other modules, the
measurement can be performed in a quiet state in which no
noise is mixed into the ground.

[0050] As described above, at a low temperature, the
analog sensor voltage value Vsense_L having the substan-
tially linear characteristic with respect to the temperature
output from the temperature sensor module 10 is measured
and at the same time, the digital value THCODE_L having
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the non-linear characteristic with respect to the temperature
output from the temperature sensor module 10 is measured.
[0051] Next, as shown in Step S12 in FIG. 5, in the
semiconductor device 1 which is in the wafer state, the
temperature is set to a temperature (second temperature)
higher than the room temperature to cause the temperature
sensor module 10 to output the analog sensor voltage value
(Vsense_H) and the digital value (THCODE_H). Specifi-
cally, similar to the case of the low temperature, according
to the temperature control of the manufacturing apparatus or
the like, the high temperature of the semiconductor device 1
is set to a temperature higher than the room temperature
(e.g., 96° C.). The high temperature environment in this case
is an environment where the absolute temperature of the
semiconductor device 1 can be directly measured. After the
temperature of the semiconductor device 1 is set to the high
temperature, only the temperature sensor module 10 is
controlled through the test module 20. In this way, at the
high temperature, the analog sensor voltage value Vsense_H
having the substantially linear characteristic with respect to
the temperature output from the temperature sensor module
10 is measured and, at the same time, the digital value
THCODE_H having the non-linear characteristic with
respect to the temperature output from the temperature
sensor module 10 is measured.

[0052] The low temperature and the high temperature are
not limited to —-41° C. and 96° C. The low temperature is, for
example, a temperature lower than a desired room tempera-
ture and includes, for example, temperatures from —41° C.
to the room temperature. Further, in order to calculate the
characteristic formula, the low temperature is preferably
-40° C. to -20° C. Further, the high temperature is a
temperature higher than the desired room temperature and
includes, for example, temperatures from the room tempera-
ture to 150°. Further, in order to calculate the characteristic
formula, the high temperature is preferably 96° C. to 150° C.

[0053] Next, the semiconductor device 1 is assembled as
a package and is mounted on the printed board. After the
semiconductor device 1 is mounted on the printed board, it
becomes difficult to control the temperature from outside
due to thermal resistance of the package, thermal diffusion
to the printed board or the like. Further, after the semicon-
ductor device 1 is mounted on the printed board, the absolute
temperature of the semiconductor device 1 cannot be
directly measured any more. However, it is possible to
estimate the temperature of the temperature sensor 1 by
measuring the sensor voltage value Vsense having the linear
characteristic with respect to temperature using the test
module 20. The measurement is performed at an unspecified
temperature in the state in which the semiconductor device
1 is mounted on the printed board. The unspecified tem-
perature is a temperature at which the direct measurement
cannot be performed, unlike the measurement in Steps S11
and that in Step S12. The unspecified temperature is, for
example, a desired room temperature.

[0054] As shown in Step S13 in FIG. 5, in the semicon-
ductor device 1 mounted on the printed board, the analog
sensor voltage value (Vsense T) and the digital value
(THCODE_T) are output by the temperature sensor module
10 at the room temperature. Specifically, the temperature of
the semiconductor device 1 mounted on the printed board is
set to the unspecified temperature (e.g., the room tempera-
ture). After the temperature of the semiconductor device 1 is
set to the room temperature, only the temperature sensor
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module 10 is set through the test module 20. In this way, at
the room temperature, the analog sensor voltage value
Vsense_T having the substantially linear characteristic with
respect to the temperature output from the temperature
sensor module 10 is measured. At the same time, the digital
value THCODE_T having the non-linear characteristic with
respect to the temperature output from the temperature
sensor module 10 is measured. At the room temperature, the
voltage value Vref indicates the peak value of the arcuate
characteristic. Therefore, it is possible to obtain the charac-
teristic of the voltage value Vref by performing the mea-
surement at the room temperature. This embodiment is not
limited to the case in which the sensor voltage value
Vsense_T and the digital value THCODE_T are measured at
one point of the room temperature. The sensor voltage value
Vsense_T and the digital value THCODE_T may be mea-
sured at a plurality of temperatures to acquire a plurality of
values.

[0055] Next, as shown in Step S14 in FIG. 5, the analog
sensor voltage values Vsense_I, Vsense_H, and Vsense_T
output at the low temperature, the high temperature, and the
room temperature are A/D converted into the digital values
VsenseC_L, VsenseC_H, and VsenseC_T and the obtained
values are recorded. This is because it is difficult to record
the analog sensor voltage values. The total six values, that is,
the sensor voltage value VsenseC_L, the sensor voltage
value VsenseC_T, and the sensor voltage value VsenseC_H
that have been digitized, the digital value THCODE_L, the
digital value THCODE_T, and the digital value THCODE_
H, are stored in the storage unit 30 (e.g., FUSE). The timing
when the analog sensor voltage values are A/D converted
and the timing when the values are recorded may be after the
measurement at each temperature is performed.

[0056] As described above, the temperature, the digital
value, and the sensor voltage value stored in the storage unit
30 include, for example, absolute temperature under the
measurement of the absolute temperature, the digital value
at the absolute temperature, and the sensor voltage value at
the absolute temperature. The absolute temperature is the
temperature output from the temperature sensor module 10
before the semiconductor device 1 is mounted on the printed
board. That is, the storage unit 30 includes, in the environ-
ment where the absolute temperature of the semiconductor
device 1 can be directly measured before the semiconductor
device 1 is mounted on the printed board, the low tempera-
ture and the high temperature (absolute temperature) output
from the temperature sensor module 10, the digital value
THCODE_L at the low temperature and the digital value
THCODE_H at the high temperature, and the sensor voltage
value VsenseC_L. at the low temperature and the sensor
voltage value VsenseC_H at the high temperature. Further,
the temperature, the digital value, and the sensor voltage
value stored in the storage unit 30 include, in the environ-
ment where the absolute temperature of the semiconductor
device 1 cannot be directly measured after the semiconduc-
tor device 1 is mounted on the printed board, the room
temperature output from the temperature sensor module 10
(the room temperature that is higher than the low tempera-
ture and lower than the high temperature), the digital value
THCODE_T at the room temperature, and the sensor voltage
value VsenseC_T at the room temperature. The digital value
THCODE_T is output from the temperature sensor module
10 together with the sensor voltage value VsenseC_T.
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[0057] Then, after a predetermined process, the semicon-
ductor device 1 according to the first embodiment is manu-
factured.

[0058] Next, an operation of the semiconductor device 1
according to the first embodiment will be described. FIG. 6
is a flowchart that exemplifies the operation of the semicon-
ductor device 1 according to the first embodiment.

[0059] As shown in Step S21 in FIG. 6, the sensor voltage
values that are substantially linear with respect to the
temperature and the digital values that are non-linear with
respect to the temperature stored in the storage unit 30 in the
manufacturing process are read. To be more specific, first,
after the semiconductor device 1 is started up, the controller
40 reads the sensor voltage value VsenseC_I,, the sensor
voltage value VsenseC_T, the sensor voltage value
VsenseC_H, the digital value THCODE_L, the digital value
THCODE_T, and the digital value THCODE_H recorded in
the storage unit 30 in the manufacturing process via the
register of the controller 40 and the register of the control
logic 13 of the temperature sensor module 10.

[0060] FIG. 7 is a diagram that exemplifies the tempera-
ture characteristics of the sensor voltage value obtained in
the process for manufacturing the semiconductor device 1
according to the first embodiment, in which the horizontal
axis indicates the temperature and the vertical axis indicates
the voltage value. As shown in FIG. 7, a characteristic 50
indicated by a sensor voltage value VsenseC_L (51), a
sensor voltage value VsenseC_T (53), and a sensor voltage
value VsenseC_H (52) that have been read indicates a
substantially linear characteristic with respect to the tem-
perature. The sensor voltage value VsenseC_T (53) is a
sensor voltage value at an unspecified temperature. By
plotting the sensor voltage value VsenseC_T (53) on the line
indicated by the characteristic 50 calculated from the sensor
voltage value VsenseC_I (51) and the sensor voltage value
VsenseC_H (52) measured at a specified temperature, the
unspecified temperature Tj can be specified. The thus speci-
fied temperature (third temperature) is calculated by substi-
tuting the sensor voltage value VsenseC_T (third sensor
voltage value) into the substantially linear sensor character-
istic formula calculated by the controller 40 using the low
temperature (first temperature), the high temperature (sec-
ond temperature), the sensor voltage value VsenseC_L (first
sensor voltage value), and the sensor voltage value
VsenseC_H (second sensor voltage value). While the
unspecified temperature is the temperature of the room
temperature, the temperature of the room temperature can be
specified as described above.

[0061] As stated above, as shown in Step S22 in FIG. 6,
the controller 40 specifies the unspecified temperature Tj
using the sensor voltage value VsenseC_L and the sensor
voltage value VsenseC_H output at the specific temperature,
and the sensor voltage value VsenseC_T output at the
unspecified temperature Tj.

[0062] FIG. 8 is a diagram that exemplifies the tempera-
ture characteristics of the digital value and characteristic
formulae acquired in the process for manufacturing the
semiconductor device 1 according to the first embodiment,
in which the horizontal axis indicates the temperature and
the vertical axis indicates the digital value. As shown in FIG.
8, since the characteristics of the digital value THCODE that
has been read are temperature characteristics using the
voltage value Vref and the sensor voltage value Vsense, it
has an arcuate non-linear characteristic 60 having a peak at
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the room temperature. A digital value THCODE_L (61) at
the low temperature, a digital value THCODE_H (62) at the
high temperature, and THCODE_T (63) originally output at
the unspecified temperature Tj are read. The unspecified
temperature Tj is specified in Step S22.

[0063] As shown in Step S23 in FIG. 6, the controller 40
calculates a characteristic formula 71 (first characteristic
formula) using the low temperature (first temperature), the
digital value THCODE_L (61) (first digital value), the
specified temperature (third temperature), and the digital
value THCODE_T (63) (third digital value).

[0064] Further, as shown in Step S24 in FIG. 6, similar to
the process in Step S23, the controller 40 calculates a
characteristic formula (second characteristic formula) using
the high temperature (second temperature), the digital value
THCODE_H (62) (second digital value), the specified tem-
perature (third temperature), and the digital value THCO-
DE_T (63) (third digital value). When the digital value
THCODE_T and the specified temperatures at two or more
points are output, three or more characteristic formulae may
be calculated.

[0065] The temperature sensor module 10 periodically
measures the temperature. The temperature sensor module
10 outputs the temperature that has been measured as the
digital value THCODE. The digital value THCODE that has
been output is stored in the register of the control logic 13
in FIG. 1. The temperature of the semiconductor device 1 is
monitored regularly or as needed. In this case, the controller
40 calculates, when the digital value THCODE output from
the temperature sensor module 10 is smaller than the digital
value THCODE_T (63) (third digital value), the temperature
by substituting the digital value THCODE into the charac-
teristic formula 71 (first characteristic formula).

[0066] On the other hand, when the digital value
THCODE output from the temperature sensor module 10 is
larger than the digital value THCODE_T (63) (third digital
value), the temperature is calculated by substituting the
digital value THCODE into the characteristic formula 72
(second characteristic formula). Specifically, the controller
40 such as a CPU reads the digital value THCODE and
compares the digital value THCODE with the digital value
THCODE_T (63) on software. When the digital value
THCODE=<the digital value THCODE_T (63), the charac-
teristic formula 71 is used. When the digital value THCO-
DE=the digital value THCODE_T (63), conversion into the
temperature is performed using the characteristic formula
72. In this way, the controller 40 monitors the temperature
of the semiconductor device 1.

[0067] Next, the effects of this embodiment will be
described.
[0068] According to the semiconductor device 1 accord-

ing to this embodiment, the digital values at the low tem-
perature and the high temperature to calculate the charac-
teristic formulae are calculated in the wafer state before the
semiconductor device 1 is mounted on the printed board.
The low temperature and the high temperature in the wafer
state are the temperatures obtained by directly measuring the
absolute temperature of the semiconductor device 1. It is
therefore possible to calculate the characteristic formulae
with high accuracy.

[0069] Further, the temperature and the digital value are
stored in the storage unit 30. It is therefore possible to
calculate the characteristic formulae by, for example, soft-
ware when the semiconductor device 1 is started up.
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[0070] While the temperature output from the temperature
sensor module 10 may reflect the variations in the specific
characteristics of the respective temperature sensor modules
10, since a characteristic formula is calculated separately for
each of the temperature sensor modules 10, characteristic
formulae in accordance with the variations in the specific
characteristics can be obtained. It is therefore possible to
measure the temperature and the power supply voltage with
higher accuracy compared to the method of collectively
adjusting the variations in the characteristics among the
respective temperature sensor modules 10 by using the
offset.

[0071] Further, it becomes possible to measure the tem-
perature more rapidly than with the method of collectively
correcting the characteristics of the respective temperature
sensor modules 10. Further, when the non-linear character-
istics are collectively corrected, the number of correction
conditions and the amount of correction increase and exceed
a correctable range. Therefore, according to the method of
collectively correcting the linear characteristics, it is difficult
to improve the accuracy.

[0072] Further, the temperature sensor module 10 includes
the temperature detection circuit 14. The temperature detec-
tion circuit 14 outputs the sensor voltage value having the
substantially linear characteristic with respect to the tem-
perature. Accordingly, by using the substantially linear char-
acteristic with respect to the temperature, it is possible to
specify the unspecified temperature with high accuracy.
[0073] The temperature sensor module 10 digitizes and
processes the sensor voltage value. Accordingly, it is pos-
sible to achieve high-speed processing. Further, since it is
possible to quickly address the change in the temperature of
the semiconductor device 1, it becomes possible to measure
the temperature with high accuracy.

Modified Example 1

[0074] While the characteristic formula is calculated
based on only one unspecified temperature Tj in the semi-
conductor device 1 according to the first embodiment, a
semiconductor device according to Modified Example 1 in
the first embodiment is not limited to the case in which only
one unspecified temperature is used. When the number of
unspecified temperatures is increased like unspecified tem-
peratures Tj_1,Tj_2, ..., Tj_n, it is possible to calculate the
characteristic formula by which the correction can be per-
formed with higher accuracy. In this way, the controller 30
of'the semiconductor device according to Modified Example
1specifies, from a plurality of desired sensor voltage values,
a plurality of temperatures at which the temperature sensor
module 10 outputs the plurality of desired sensor voltage
values, to thereby calculate the characteristic formulae.

Modified Example 2

[0075] Next, the number of temperatures at which the
sensor voltage value and the digital value are measured will
be described. First, the number of temperatures at which the
sensor voltage value is measured will be described. In the
semiconductor device 1 according to the first embodiment,
as shown in FIG. 7, two temperatures: the low temperature
and the high temperature, have been set as the specific
temperature at which the measurement is performed in the
wafer state in the manufacturing process. Then the charac-
teristic formula 50 has been calculated by measuring the
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sensor voltage value (VsenseC_L) (51) and the sensor
voltage value (VsenseC_H) (52) at the low temperature and
the high temperature. However, the number of temperatures
is not limited thereto.

[0076] As shown in FIG. 9, in a semiconductor device
according to Modified Example 2, temperature of one point
at the low temperature may be, for example, set as the
specific temperature at which the measurement is performed
in the wafer state in the manufacturing process. The con-
troller 40 may calculate the characteristic formula 50 from
the low temperature and the sensor voltage value (VsenseC_
L) (51) by measuring the sensor voltage value (VsenseC_L)
(51) at the low temperature. In this case, the value of the tilt
of'the sensor voltage value (VsenseC) is stored in the storage
unit 30 in advance. The tilt of the sensor voltage value
(VsenseC) is stored in the storage unit 30 in advance by
using, for example, data accumulated as a result of manu-
facturing a large number of semiconductor devices 1 or by
using temperature dependency of the sensor voltage value
(VsenseC) specific to the temperature detection circuit 14.
Further, the storage unit 30 stores the low temperature (first
temperature) and the sensor voltage value (first sensor
voltage value) at the low temperature.

Modified Example 3

[0077] As shown in FIG. 10, in a semiconductor device
according to Modified Example 3, temperature of one point
at the high temperature may be, for example, set as the
specific temperature at which the measurement is performed
in the wafer state in the manufacturing process, and the
sensor voltage value (VsenseC_H) (52) at the high tempera-
ture is measured, whereby the characteristic formula 50 is
calculated. In this case as well, the value of the tilt of the
sensor voltage value (VsenseC) is stored in the storage unit
30 in advance.

[0078] As described above, in the semiconductor devices
according to Modified Examples 2 and 3, even when the
number of specific temperatures at which the measurement
is performed in the wafer state in the manufacturing process
is one point, the characteristic formula 50 can be calculated.
In the following process, similar to the aforementioned first
embodiment, the semiconductor device according to each of
Modified Examples 2 and 3 is assembled as a package and
then mounted on the printed board. Then the controller 40
specifies the temperature at which the temperature sensor
module 10 outputs a desired sensor voltage value from one
specific temperature, the sensor voltage value at this tem-
perature, and the desired sensor voltage value. Specifically,
the temperature sensor module 10 substitutes the desired
sensor voltage value into a characteristic formula to specity
the desired temperature.

Modified Example 4

[0079] Next, the number of temperatures at which the
digital value is measured will be described. In the first
embodiment, as shown in FIG. 8, two temperatures: the low
temperature and the high temperature, have been set as the
specific temperature at which the measurement is performed
in the wafer state in the manufacturing process. Then the
digital value THCODE_L (61) and the digital value THCO-
DE_H (62) at the low temperature and the high temperature
are measured and these values are combined with the digital
value THCODE_T (63) at the room temperature to calculate
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the characteristic formulae 71 and 72. However, the number
of temperatures is not limited thereto.

[0080] As shown in FIG. 11, in a semiconductor device
according to Modified Example 4, temperature of one point
at the low temperature may be, for example, set as the
specific temperature at which the measurement is performed
in the wafer state in the manufacturing process. The con-
troller 40 measures the digital value THCODE_L (61) at the
low temperature. Then the characteristic formula 71 may be
calculated by using this value together with the digital value
THCODE_T (63) at the room temperature measured after
the semiconductor device 1 is mounted on the printed board.

Modified Example 5

[0081] Further, as shown in FIG. 12, in a semiconductor
device according to Modified Example 5, temperature of one
point at the high temperature may be, for example, set as the
specific temperature at which the measurement is performed
in the wafer state in the manufacturing process. The con-
troller 40 measures the digital value THCODE_H (62) at the
high temperature. Then, the characteristic formula 72 may
be calculated by using this value together with the digital
value THCODE_T (63) at the room temperature measured
after the semiconductor device 1 is mounted on the printed
board.

Modified Example 6

[0082] Further, the number of specific temperatures at
which the measurement is performed in the wafer state in the
manufacturing process may be three or larger. In this case,
three or more temperatures may include one or both of the
low temperature and the high temperature.

[0083] As shown in FIG. 13, in a semiconductor device
according to Modified Example 6, temperatures at four
points: a specific temperature (—41° C.), a specific tempera-
ture (-41+a° C.), a specific temperature (96° C.), and a
specific temperature (96+c.° C.) may be, for example, set as
the specific temperature at which the measurement is per-
formed in the wafer state in the manufacturing process and
the characteristic formula 50 may be calculated by measur-
ing sensor voltage values (VsenseC) 51, 54, 52, and 55
corresponding to the respective temperatures. In this case,
the storage unit 30 further stores three or more plurality of
temperatures including the first temperature and the sensor
voltage values corresponding to the plurality of respective
temperatures, and the controller 40 specifies the temperature
at which the temperature sensor module 10 outputs a desired
sensor voltage value from the plurality of temperatures, the
sensor voltage values corresponding to the plurality of
respective temperatures, and the desired sensor voltage
value to calculate the characteristic formula. It is therefore
possible to measure the temperature and the power supply
voltage with high accuracy.

Modified Example 7

[0084] Further, as shown in FIG. 14, in the semiconductor
device according to Modified Example 7, temperatures at
four points may be set as the specific temperature at which
the measurement is performed in the wafer state in the
manufacturing process, similar to FIG. 13 and digital values
(THCODE) 61, 64, 62, and 65 corresponding to the respec-
tive temperatures are measured. Then the digital value
THCODE_T (63) at the room temperature measured after
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the semiconductor device is mounted on the printed board is
measured. The controller 40 may calculate the characteristic
formulae 71 and 72 from the temperatures at the four points,
the digital values corresponding to the respective tempera-
tures at four points, and the digital value THCODE_T (63)
at the room temperature. By performing these calculations,
the temperature and the power supply voltage may be
measured with high accuracy. A plurality of characteristic
formulae may be calculated.

Second Embodiment

[0085] Next, a semiconductor device according to a sec-
ond embodiment will be described. When the temperature
sensor module 10 is used for a long period of time, the
analog characteristics are changed due to changes over time.
Accordingly, in order to keep the measurement of the
temperature Tj of the semiconductor device 1 with high
accuracy in a guaranteed life time (e.g., 7 to 15 years) of the
semiconductor device 1, it is required to correct the tem-
perature characteristics of the temperature sensor module 10
due to the changes over time. This embodiment addresses
the problem of the temperature characteristics due to the
changes over time.

[0086] FIG. 15 is a configuration diagram that exemplifies
a semiconductor device 2 according to the second embodi-
ment. As shown in FIG. 15, the semiconductor device 2
according to this embodiment includes a plurality of tem-
perature sensor modules 10a and 105. When the semicon-
ductor device 2 is started up, a temperature sensor module
10qa for a reference (one temperature sensor module) and a
temperature sensor module 105 for a normal operation
(another temperature sensor module) that are adjacent to
each other are operated. After the semiconductor device 2 is
started up, the temperature sensor module 10a for the
reference stops the operation and the temperature sensor
module 105 for the normal operation keeps the operation.
While the semiconductor device 2 includes other modules
such as the storage unit 30 and the controller 40, they are not
shown in FIG. 15.

[0087] By arranging the temperature sensor module 10a
for the reference and the temperature sensor module 105 for
the normal operation adjacent to each other, both the mod-
ules 10a and 105 are able to measure substantially the same
temperature Tj.

[0088] Since a method similar to the method of manufac-
turing the temperature sensor module 10 of the semicon-
ductor device 1 according to the first embodiment or the
semiconductor devices according to Modified Examples 1 to
7 is applied to each of the temperature sensor modules of the
semiconductor device 2, descriptions of the method of
manufacturing the semiconductor device 2 according to the
second embodiment will be omitted.

[0089] Next, an operation of the semiconductor device 2
according to the second embodiment will be described. FIG.
16 is a flowchart that exemplifies the operation of the
semiconductor device 2 according to the second embodi-
ment.

[0090] FIG. 17 is a graph that exemplifies a digital value
output from the temperature sensor module 10a for the
reference of the semiconductor device 2 according to the
second embodiment at the time of startup, in which the
horizontal axis indicates the temperature and the vertical
axis indicates the digital value. FIG. 18 is a graph that
exemplifies a digital value output from the temperature
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sensor module 105 for the normal operation of the semi-
conductor device 2 according to the second embodiment at
the time of startup, in which the horizontal axis indicates the
temperature and the vertical axis indicates the digital value.
[0091] As shown in Step S31 in FIG. 16 and FIG. 17,
when the semiconductor device 2 is started up, the tempera-
ture sensor module 10q for the reference outputs a plurality
of temperatures and a plurality of digital values 81a, 824,
and 83a (first startup digital values) at the time of startup.
[0092] As shown in Step S31 in FIG. 16 and FIG. 18,
when the semiconductor device 2 is started up, the tempera-
ture sensor module 105 for the normal operation outputs a
plurality of temperatures and a plurality of digital values
815, 825, and 835 (second startup digital values) at the time
of startup. Specifically, when the semiconductor device 2 is
started up, the temperature of the semiconductor device 2 is
basically increased due to the operation of the controller 40
such as a CPU. By using this increase in the temperature, the
temperature sensor module 10a for the reference and the
temperature sensor module 106 for the normal operation
output, for example, the temperatures and the digital values
at one to three or more points.

[0093] As shown in FIG. 17, the temperatures and the
digital values at three or more points in the temperature
sensor module 10a for the reference are, for example, the
digital value 8la at an unspecified temperature TI1, the
digital value 82a at an unspecified temperature TJ2, and the
digital value 83a at an unspecified temperature TI3.
[0094] As shown in FIG. 18, the temperatures and the
digital values at three or more points in the temperature
sensor module 1056 for the normal operation are, for
example, the digital value 815 at the unspecified temperature
TI1, the digital value 825 at the unspecified temperature TJ2,
and the digital value 8354 at the unspecified temperature TI3.
As stated above, since the temperature sensor module 10a
for the reference and the temperature sensor module 105 for
the normal operation are adjacent to each other, the unspeci-
fied temperatures TJ1 to TI3 in the temperature sensor
module 10qa and the unspecified temperatures TJ1 to TJ3 in
the temperature sensor module 105 are substantially the
same temperatures. The temperature and the digital value
that have been output are stored in the register of the control
logic 13 of the temperature sensor module 10, the register of
the controller 40 and the like.

[0095] Next, as shown in Step S32 in FIG. 16, after the
semiconductor device 2 is started up and the plurality of
(three or more points) digital values at the unspecified
temperature Tj are output, the temperature sensor module
10a for the reference is stopped in order to suppress changes
over time. This stopping operation is performed by, for
example, interrupting power supplied to the temperature
sensor module 10a or controlling the controller 40. The stop
of the temperature sensor module 10a for the reference
includes stop of the analog unit that performs temperature
measurement or the like. This aims to suppress changes over
time of the analog unit.

[0096] Next, as shown in Step S33 in FIG. 16, using the
aforementioned method in the first embodiment or Modified
Examples 1 to 7, the controller 40 calculates the character-
istic formulae 71a and 72a in the temperature sensor module
104 for the reference and the characteristic formulae 715 and
72b in the temperature sensor module 105 for the normal
operation. The characteristic formulae 71a, 715, 72a, and
72b are calculated, for example, using the digital value that
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is output at the room temperature in advance when, for
example, the product is shipped. The timing when the
product is shipped means the timing when the product is
subjected to an operation test in the manufacturing process.

[0097] Next, as shown in Step S34 in FIG. 16, the con-
troller 40 calculates the plurality of temperatures (first
startup temperatures) at the time of startup by substituting
the plurality of digital values (first startup digital values)
when the temperature sensor module 10a for the reference is
started up into the characteristic formula 71a or 72a of the
temperature sensor module 10a. Specifically, as shown in
FIG. 17, the temperature sensor module 10a for the refer-
ence specifies the temperatures TJ1 to TI3 by substituting
the digital values 81a to 83a into the characteristic formula
71a or 72a. Whether to use the characteristic formula 71a or
72a is determined based on the magnitude relation with
respect to the reference digital value, as described above.

[0098] Next, as shown in Step S35 in FIG. 16 and FIG. 18,
by substituting the plurality of temperatures at the time of
startup calculated in Step S34 into the characteristic formula
7156 or 72b of the temperature sensor module 105 for the
normal operation, the plurality of digital values 81c¢ to 83¢
(third startup digital values) are calculated. Then the differ-
ences 91 to 93 between the digital values 81c¢ to 83¢ and the
digital values 815 to 83b at the plurality of respective
temperatures are calculated.

[0099] The temperature sensor module 10a for the refer-
ence and the temperature sensor module 105 for the normal
operation are arranged adjacent to each other. Therefore, the
actual temperature of the temperature sensor module 10a
and that of the temperature sensor module 105 are substan-
tially the same. Accordingly, the temperature output from
the temperature sensor module 10a¢ and the temperature
output from the temperature sensor module 105 should be
substantially the same. The digital values 81c to 83¢
obtained by substituting the plurality of temperatures TJ1 to
TI3 at the time of startup calculated by the temperature
sensor module 10a for the reference into the characteristic
formula 715 or 724 of the temperature sensor module 105
for the normal operation should be substantially the same as
the digital values 815 to 835 output from the temperature
sensor module 105 for the normal operation at the time of
startup. However, when there are changes over time or the
like in the temperature sensor module 105, there may be
differences 91 to 93 between the digital values 81c¢ to 83¢
and the digital values 815 to 8356. Thus, these differences are
calculated.

[0100] Next, as shown in Step S36, the controller 40
corrects at least one of the characteristic formulae 715 and
72b of the temperature sensor module 105 for the normal
operation using the differences that have been calculated.
Further, the controller 40 corrects the power supply voltage
output from the power supply voltage monitor unit 12 using
the differences 91 to 93. The correction specifically indi-
cates, for example, addition of the difference to the charac-
teristic formula at the time of shipping or subtraction of the
difference from the characteristic formula at the time of
shipping.

[0101] The temperature of the semiconductor device 2 is
monitored using the characteristic formulae 715 and 7254 that
have been corrected.

[0102] Next, the effects of the second embodiment will be
described.
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[0103] According to the semiconductor device 2 in the
second embodiment, by arranging the temperature sensor
module 10a for the reference and the temperature sensor
module 105 for the normal operation adjacent to each other,
both the modules 104 and 105 can measure substantially the
same temperature.

[0104] At the time of startup, the temperature sensor
module 10a for the reference and the temperature sensor
module 105 for the normal operation output a plurality of (at
least one to three points) digital values with respect to the
unspecified temperatures TJ1 to TJ3 at the same time. The
difference is calculated from the digital value that has been
output and the characteristic formula is corrected from the
difference that has been calculated. Since the difference
reflects changes over time, the changes over time can be
corrected according to this correction. It is therefore possible
to measure the temperature with high accuracy in the
guaranteed life time of the semiconductor device 2.

[0105] Further, when the power supply voltage in the
semiconductor device 2 is measured, the correction of the
changes over time using the difference is performed,
whereby it is possible to measure the power supply voltage
with high accuracy in the guaranteed life time of the
semiconductor device 2. The other effects are similar to
those in the first embodiment and Modified Examples 1 to 7.

Third Embodiment

[0106] Next, a semiconductor device 3 according to a third
embodiment will be described. In the third embodiment,
besides the temperature sensor module for the reference and
the temperature sensor module for the normal operation, one
or more temperature sensor modules are arranged in the
semiconductor device 3, and correction is performed for
these temperature sensor modules using the difference. FIG.
19 is a configuration diagram that exemplifies the semicon-
ductor device 3 according to the third embodiment.

[0107] As shown in FIG. 19, the semiconductor device 3
includes, besides the temperature sensor module 10qa for the
reference and the temperature sensor module 106 for the
normal operation, temperature sensor modules 10¢ and 104
(other temperature sensor modules). The temperature sensor
module 10a for the reference and the temperature sensor
module 105 for the normal operation are arranged adjacent
to each other. The other plurality of temperature sensor
modules 10c¢ and 104 are arranged near the CPU 40a whose
temperature is apt to increase in the semiconductor device 3.
They are arranged near the CPU 40q in order to improve the
accuracy of the power supply voltage as well.

[0108] As the method of manufacturing the semiconductor
device 3 according to the third embodiment, a method
similar to the method of manufacturing the temperature
sensor module 10 of the semiconductor device 1 according
to the first embodiment or the semiconductor devices
according to Modified Examples 1 to 7 is applied to each of
the temperature sensor modules 10a to 104 of the semicon-
ductor device 3. Further, the CPU 40q, an interface to a
Double-Data-Rate Synchronous Dynamic Random Access
Memory (DDR) 30a or the like are provided. After that, the
semiconductor device 3 is manufactured through a prede-
termined process.

[0109] Next, an operation of the semiconductor device 3
according to the third embodiment will be described. At least
one of the first characteristic formula and the second char-
acteristic formula in each of the temperature sensor modules
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10c and 104 is corrected using the difference calculated in
the aforementioned second embodiment. Then each of the
temperature sensor modules 10¢ and 10d converts the digital
value into the temperature using the characteristic formula
that has been corrected. The changes over time vary depend-
ing on the separate characteristic, the operating condition or
the like of each of the temperature sensor modules. It is
therefore preferable to correct the characteristic formula in
consideration of the changes over time every time the
semiconductor device 3 is started up. Further, each of the
temperature sensor modules serves as a power supply volt-
age monitor. Each of the power supply voltage monitors
corrects the digital value as a power supply voltage using the
difference and outputs the corrected value.

[0110] Next, the effects of the third embodiment will be
described.
[0111] According to the semiconductor device 3 in this

embodiment, the characteristic formula of each of the tem-
perature sensor modules is corrected by applying the differ-
ence due to changes over time calculated in the second
embodiment to each of the temperature sensor modules.
Since it is considered that the temperature sensor modules in
the semiconductor device 3 have been changed substantially
in the same way over time, by applying the difference
calculated by the temperature sensor module 10a and the
temperature sensor module 106 to each characteristic for-
mula specific to each temperature sensor module, changes
over time can be corrected with respect to the characteristics
of the respective temperature sensor modules. It is therefore
possible to measure the temperature and the power supply
voltage with high accuracy.

[0112] Further, since it is considered that the temperature
sensor modules in the semiconductor device 3 have been
changed substantially in the same way over time, it is
sufficient that at least one pair of the temperature sensor
module for the reference and the temperature sensor module
for the normal operation that are arranged adjacent to each
other be provided. Accordingly, the temperature sensor
modules 10c¢ and 104 for the reference are not necessary,
whereby it is possible to reduce the space in the semicon-
ductor device 3 and to miniaturize the semiconductor device
3

[0113] Next, the relation between the temperature sensor
module and the control of the power supply IC will be
described. FIG. 20 is a diagram that exemplifies a relation
between the temperature sensor module 10 and control of a
power supply IC 96. As stated above, the power supply
voltage monitor unit 12 is provided in the temperature
sensor module 10. Accordingly, the temperature sensor
module 10 not only serves as the temperature sensor but also
serves as a power supply voltage monitor.

[0114] The power supply IC 96 is provided in a mounted
board 95 on which the semiconductor device 1 is provided.
The power supply IC 96 supplies a power supply voltage
that has been reduced to the target voltage to the semicon-
ductor device 1. A load due to wiring or the like is applied
while a voltage reaches the power supply voltage monitor
unit 12 from the power supply IC 96. Accordingly, the power
supply voltage VDD is reduced by a decreased amount
AVDD. On the other hand, a load due to wiring or the like
is applied while a voltage reaches the power supply voltage
monitor unit 12 from the ground of the power supply I1C 96.
Accordingly, the voltage is increased by a floating amount
AGND of the ground voltage. Accordingly, in the power
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supplied to the power supply voltage monitor unit 12, the
power supply voltage VDD (this voltage is also called an
internal voltage) of the semiconductor device 1 becomes
equal to the voltage obtained by subtracting the decreased
amount AVDD and the floating amount AGND.

[0115] In the power supply voltage monitor unit 12, the
power supply voltage VDD(+AVDD-AGND) in the semi-
conductor device 1 and the voltage value Vref are combined
with each other and the combined value is converted into a
digital value as a power supply voltage monitor by the A/D
converter 19. The digital value after the conversion is
monitored in the control logic 13 whether this value is an
appropriate power supply voltage. The controller 40 further
corrects and monitors the digital value using the difference
in which changes over time are taken into consideration as
described in the second embodiment. The control logic 13
outputs the power supply voltage that has been monitored to
the controller 40. In some cases, the controller 40 operates
an IC power supply control function when necessary to
control the power supply of the power supply IC 96.
[0116] While the present invention made by the present
inventors has been specifically described based on the
embodiments, it is needless to say that the present invention
is not limited to the embodiments stated above and various
changes may be made on the present invention without
departing from the spirit of the present invention.

[0117] Further, the operation methods of the semiconduc-
tor devices according to the aforementioned first to third
embodiments may be executed by a computer as the fol-
lowing programs.

Program According to First Embodiment

[0118] A program for causing a computer to execute a
method of measuring temperature of a semiconductor
device, wherein

[0119] the semiconductor device comprises:

[0120] a temperature sensor module that outputs a non-
linear digital value with respect to temperature and a
substantially linear sensor voltage value with respect to
the temperature;

[0121] a storage unit that stores the temperature, the
digital value, and the sensor voltage value; and

[0122] a controller that calculates a characteristic for-
mula using the temperature, the digital value, and the
sensor voltage value stored in the storage unit, and

[0123] the program causes the following steps to be
executed:

[0124] before the semiconductor device is mounted on a
printed board,

[0125] a step of causing the storage unit to store a first
temperature under measurement of absolute temperature
lower than a desired room temperature and a first digital
value and a first sensor voltage value output from the
temperature sensor module at the first temperature, and a
second temperature under measurement of absolute tem-
perature higher than the room temperature and a second
digital value and a second sensor voltage value output from
the temperature sensor module at the second temperature,

[0126] after the semiconductor device is mounted on the
printed board,
[0127] a step of causing the storage unit to store a third

temperature calculated by substituting a third sensor voltage
value output from the temperature sensor module at the
room temperature into a substantially linear sensor charac-

Jul. 29, 2021

teristic formula calculated by the controller using the first
temperature, the second temperature, the first sensor voltage
value, and the second sensor voltage value, the third tem-
perature being specified as the room temperature, and a third
digital value output together with the third sensor voltage
value;

[0128] a step of causing the controller to calculate a first
characteristic formula by the first temperature, the first
digital value, the third temperature, and the third digital
value and to calculate a second characteristic formula by the
third temperature, the third digital value, the second tem-
perature, and the second digital value; and

[0129] a step of causing the controller to calculate, when
the digital value output from the temperature sensor module
is smaller than the third digital value, the temperature by
substituting the digital value that has been output into the
first characteristic formula and to calculate, when the digital
value output from the temperature sensor module is larger
than the third digital value, the temperature by substituting
the digital value that has been output into the second
characteristic formula.

Program According to Second Embodiment

[0130] The above program, wherein

[0131] the semiconductor device comprises:

[0132] a plurality of temperature sensor modules, and
[0133] the program causes the following steps to be
executed:

[0134] a step of operating one temperature sensor module

and another temperature sensor module that are adjacent to
each other at a time of startup; and

[0135] a step of stopping the operation of the one tem-
perature sensor module and continuing the operation of the
other temperature sensor module after the startup, wherein
[0136]
[0137] causing the one temperature sensor module to
measure a plurality of first startup digital values at the time
of startup;

[0138] causing the controller to calculate a plurality of first
startup temperatures at the time of startup by substituting the
plurality of first startup digital values into the first charac-
teristic formula or the second characteristic formula of the
one temperature sensor module;

[0139] causing the other temperature sensor module to
measure a plurality of second startup digital values at the
time of startup; and

[0140] causing the controller to calculate a difference
between a third startup digital value calculated by substi-
tuting the plurality of first startup temperatures into the first
characteristic formula or the second characteristic formula
of the other temperature sensor module and the second
startup digital value and to correct at least one of the first
characteristic formula and the second characteristic formula
of the other temperature sensor module using the difference
that has been calculated.

[0141] The above program, wherein:

[0142] the temperature sensor module includes a power
supply voltage monitor unit that monitors a power supply
voltage of the semiconductor element, and

[0143] the program comprises a step of causing the con-
troller to correct, using the difference, the power supply
voltage.

the operating step comprises:
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Program According to Third Embodiment

[0144] The above program that causes, in one or more
other temperature sensor modules other than the one tem-
perature sensor module and the other temperature sensor
module, the controller to correct at least one of the first
characteristic formula and the second characteristic formula
of each of the other temperature sensor modules using the
difference.

[0145] The above program further comprising a step of
causing the controller to correct the power supply voltage of
each of the other temperature sensor modules using the
difference.

Supplementary Note 1

[0146] A temperature sensor comprising:

[0147] a temperature sensor module that outputs a non-
linear digital value with respect to temperature and a sub-
stantially linear sensor voltage value with respect to the
temperature;

[0148] a storage unit that stores the temperature, the
digital value, and the sensor voltage value; and

[0149] a controller that calculates a characteristic formula
using the temperature, the digital value, and the sensor
voltage value stored in the storage unit,

[0150] wherein the temperature, the digital value, and the
sensor voltage value stored in the storage unit include
absolute temperature under measurement of absolute tem-
perature, the digital value at the absolute temperature, and
the sensor voltage value at the absolute temperature.

Supplementary Note 2

[0151] The temperature sensor according to Supplemen-
tary Note 1, wherein

[0152] the absolute temperature includes a first tempera-
ture and a second temperature higher than the first tempera-
ture,

[0153] the digital value includes a first digital value at the
first temperature and a second digital value at the second
temperature, and

[0154] the storage unit further comprises:

[0155] a third temperature that is higher than the first
temperature and is lower than the second temperature;
and

[0156] a third digital value at the third temperature.

Supplementary Note 3

[0157] The temperature sensor according to Supplemen-
tary Note 2, wherein

[0158] the absolute temperature is the temperature output
from the temperature sensor module before the temperature
sensor is mounted on a printed board, and

[0159] the third temperature is a temperature output from
the temperature sensor module after the temperature sensor
is mounted on the printed board.

Supplementary Note 4

[0160] The temperature sensor according to Supplemen-
tary Note 2 or 3, wherein

[0161] the controller calculates a first characteristic for-
mula using the first temperature, the first digital value, the
third temperature, and the third digital value, and
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[0162] the controller calculates a second characteristic
formula using the third temperature, the third digital value,
the second temperature, and the second digital value.

Supplementary Note 5

[0163] The temperature sensor according to Supplemen-
tary Note 4, wherein

[0164] the controller calculates, when the digital value
output from the temperature sensor module is smaller than
the third digital value, the temperature by substituting the
digital value into the first characteristic formula, and
[0165] the controller calculates, when the digital value
output from the temperature sensor module is larger than the
third digital value, the temperature by substituting the digital
value into the second characteristic formula.

Supplementary Note 6

[0166] The temperature sensor according to anyone of
Supplementary Notes 2 to 5, wherein

[0167] the first temperature is lower than a desired room
temperature,

[0168] the second temperature is higher than the room
temperature,

[0169] the storage unit comprises, as the sensor voltage
value under measurement of the absolute temperature, a first
sensor voltage value at the first temperature and a second
sensor voltage value at the second temperature,

[0170] the storage unit further comprises, as the sensor
voltage value, a third sensor voltage value output from the
temperature sensor module at the room temperature,
[0171] the third digital value is output from the tempera-
ture sensor module together with the third sensor voltage
value at the room temperature, and

[0172] the third temperature is calculated by substituting
the third sensor voltage value into a substantially linear
sensor characteristic formula calculated by the controller
using the first temperature, the second temperature, the first
sensor voltage value, and the second sensor voltage value,
the third temperature being specified as the room tempera-
ture.

[0173] A (The) program can be stored and provided to a
computer using any type of non-transitory computer read-
able media. Non-transitory computer readable media include
any type of tangible storage media. Examples of non-
transitory computer readable media include magnetic stor-
age media (such as floppy disks, magnetic tapes, hard disk
drives, etc.), optical magnetic storage media (e.g. magneto-
optical disks), CD-ROM (compact disc read only memory),
CD-R (compact disc recordable), CD-R/W (compact disc
rewritable), and semiconductor memories (such as mask
ROM, PROM (programmable ROM), EPROM (erasable
PROM), flash ROM, RAM (random access memory), etc.).
The program may be provided to a computer using any type
of transitory computer readable media. Examples of transi-
tory computer readable media include electric signals, opti-
cal signals, and electromagnetic waves. Transitory computer
readable media can provide the program to a computer via
a wired communication line (e.g. electric wires, and optical
fibers) or a wireless communication line.

[0174] The first, second and third embodiments can be
combined as desirable by one of ordinary skill in the art.
[0175] While the invention has been described in terms of
several embodiments, those skilled in the art will recognize
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that the invention can be practiced with various modifica-
tions within the spirit and scope of the appended claims and
the invention is not limited to the examples described above.
[0176] Further, the scope of the claims is not limited by the
embodiments described above.

[0177] Furthermore, it is noted that, Applicant’s intent is
to encompass equivalents of all claim elements, even if
amended later during prosecution.

What is claimed is:

1. A temperature sensor comprising:

a temperature sensor module that outputs a non-linear
digital value with respect to temperature and a substan-
tially linear sensor voltage value with respect to the
temperature;

a storage unit that stores the temperature, the digital value,
and the sensor voltage value; and

a controller that calculates a characteristic formula using
the temperature, the digital value, and the sensor volt-
age value stored in the storage unit,

wherein the temperature, the digital value, and the sensor
voltage value stored in the storage unit include absolute
temperature under measurement of absolute tempera-
ture, the digital value at the absolute temperature, and
the sensor voltage value at the absolute temperature.

2. The temperature sensor according to claim 1,

wherein the absolute temperature includes a first tempera-
ture and a second temperature higher than the first
temperature, the digital value includes a first digital
value at the first temperature and a second digital value
at the second temperature, and

the storage unit further comprises:

a third temperature that is higher than the first tem-
perature and is lower than the second temperature;
and

a third digital value at the third temperature.

3. The temperature sensor according to claim 2,

wherein the absolute temperature is the temperature out-
put from the temperature sensor module before the
temperature sensor is mounted on a printed board, and

the third temperature is a temperature output from the
temperature sensor module after the temperature sensor
is mounted on the printed board.
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4. The temperature sensor according to claim 2,

wherein the controller calculates a first characteristic
formula using the first temperature, the first digital
value, the third temperature, and the third digital value,
and

the controller calculates a second characteristic formula
using the third temperature, the third digital value, the
second temperature, and the second digital value.

5. The temperature sensor according to claim 4,

wherein the controller calculates, when the digital value
output from the temperature sensor module is smaller
than the third digital value, the temperature by substi-
tuting the digital value into the first characteristic
formula, and

the controller calculates, when the digital value output
from the temperature sensor module is larger than the
third digital value, the temperature by substituting the
digital value into the second characteristic formula.

6. The temperature sensor according to any one of claim

25

wherein the first temperature is lower than a desired room
temperature,

the second temperature is higher than the room tempera-
ture,

the storage unit comprises, as the sensor voltage value
under measurement of the absolute temperature, a first
sensor voltage value at the first temperature and a
second sensor voltage value at the second temperature,

the storage unit further comprises, as the sensor voltage
value, a third sensor voltage value output from the
temperature sensor module at the room temperature,

the third digital value is output from the temperature
sensor module together with the third sensor voltage
value at the room temperature, and

the third temperature is calculated by substituting the third
sensor voltage value into a substantially linear sensor
characteristic formula calculated by the controller
using the first temperature, the second temperature, the
first sensor voltage value, and the second sensor volt-
age value, the third temperature being specified as the
room temperature.
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