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PHOTODETECTOR AND DISPLAY DEVICE
PROVIDED WITH THE SAME

TECHNICAL FIELD

[0001] The present invention relates to a photodetector and
a display device provided with the same.

[0002] Recently, a display device represented by a liquid
crystal display device often is equipped with a photo sensor
for automatically adjusting brightness of a display screen in
accordance with the intensity of light surrounding the display
device. A display device having a plurality of photo sensors
arranged in a matrix also has been known. In this display
device, the plural photo sensors function as one area sensor,
thereby capturing an image at the observer side.

[0003] The incorporation of the photo sensor in the display
device can be achieved by mounting a photo sensor as a
discrete component on a display panel thereof. Alternatively,
a photo sensor can be formed monolithically on an active
matrix substrate by utilizing a process for forming an active
element (TFT) or a peripheral circuit.

[0004] Inthe field of a display device for a mobile terminal
device in particular, the photo sensor is required to be formed
monolithically on the active matrix substrate, from the view-
point of reducing the number of components and downsizing
the display device. As the photo sensor formed monolithi-
cally, a photodiode formed of a silicon layer, for instance, is
known (see, for instance, JP 2006-3857 A: FIGS. 2 and 3).
[0005] Hereinafter, a conventional photodiode (photo sen-
sor) will be explained with reference to FIG. 12. FIG. 12 is a
cross-sectional view showing a configuration of a liquid crys-
tal display panel having a photodiode. As shown in FIG. 12, a
photodiode 51 is a PIN diode having a lateral structure, which
is formed monolithically on an active matrix substrate 50 that
forms a liquid crystal display panel.

[0006] As shown in FIG. 12, the photodiode 51 includes a
silicon layer 60. The silicon layer 60 is formed on a glass
substrate 52 as the base substrate of the active matrix sub-
strate 50, by utilizing a process of forming a thin film tran-
sistor (TFT) that functions as an active element, at the same
time of forming the TFT. Further on the silicon layer 60, an
n-type semiconductor region (n-layer) 51a, an intrinsic semi-
conductor region (i-layer) 515 and a p-type semiconductor
region (p-layer) 51c¢ are formed in this order along the planar
direction. The i-layer 515 serves as a photodetection region of
the photodiode 51.

[0007] On an under layer of the photodiode 51, a light-
shielding layer 53 for shielding light from a backlight device
(not shown) is provided. The light-shielding layer 53 is cov-
ered with an insulating base coat 54. Typically the light-
shielding layer 53 is formed of a metal material. The light-
shielding layer 53 is in an electrically suspended state,
insulated from the ambience. The photodiode 51 is covered
further with interlayer insulating layers 55 and 56.

[0008] In FIG. 12, numeral 57 denotes a wiring connected
to the n-layer 51qa, and 58 denotes a wiring connected to the
p-layer 51c. Numeral 59 denotes a flattening layer, and 61
denotes a protective layer. Numeral 62 denotes a liquid crystal
layer. For a filter substrate 63, only the appearance is shown.

DISCLOSURE OF THE INVENTION
Problem to be Solved by the Invention

[0009] Inthe example as shown in FIG. 12, since the metal
light-shielding layer 53 is arranged on the under layer of the
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photodiode 51, the output characteristics of the photodiode 51
fluctuate with the fluctuation in an electric potential of the
light-shielding layer 53. And the electric potential of the
light-shielding layer 53 fluctuates in connection with the fluc-
tuation in an electric potential of the photodiode p-layer 51c.
[0010] However, the light-shielding layer 53, the photo-
diode 51 and the other films positioned in the vicinity of the
photodiode 51 contain a fixed charge captured during the
formation process. The amount of the fixed charge varies
among the photodiodes or the active matrix substrates, and
the difference in the fixed charge results in the difference in
the relationship between the electric potential of the light-
shielding layer 53 and the output characteristics of the pho-
tocliode. Namely, in a case where a plurality of photodiodes
51 of the same specification are provided, the output charac-
teristics may vary among the photodiodes even though an
equal voltage is applied to the respective p-layers 51¢ and the
electric potentials in the respective light-shielding layers are
set to be equivalent.

[0011] The relationship between the electric potential of
the light-shielding layer 53 and the output characteristics of
the photodiode will vary due to not only the fixed charge but
the variations in the diffusion concentration of impurities in
the semiconductor regions of the photodiode 51. Similarly to
the above-described case, the output characteristics may be
varied among the photodiodes even though an equivalent
voltage is applied to the respective p-layers 51c.

[0012] As mentioned above, in the example as shown in
FIG. 12, a problem that the output characteristics vary among
the photodiodes arises. Specifically for instance, the output
characteristics are different from one product to another even
for the photodiodes of the same specification. Alternatively,
the output characteristics are different from one photodiode to
another even for photodiodes of the same specification
mounted on the same active matrix substrate. In such a case,
it will be difficult to adjust the brightness of the display screen
with the photo sensor or to capture a high-resolution picture.
[0013] An object of the present invention is to provide a
photodetector capable of solve the above-mentioned prob-
lems and suppressing variations in the output characteristics
among the photodiodes, and a display device provided with
the photodetector.

Means for Solving Problem

[0014] For achieving the above-described object, a photo-
detector according to the present invention is characterized in
that it includes a transparency base substrate, a metal layer
provided on one main surface of the base substrate, a photo-
diode arranged on an upper layer of the metal layer, and an
electrode arranged in the vicinity of the photodiode on the
upper layer of the metal layer, wherein the photodiode com-
prises a silicon layer having a semiconductor region, the
silicon layer is insulated electrically from the metal layer; the
electrode is insulated electrically from the metal layer and the
silicon layer; and the metal layer is formed so that a part of the
metal layer is overlapped with the silicon layer and the other
part of the metal layer is overlapped with the electrode in the
thickness direction of the base substrate.

[0015] And, for achieving the above-described object, a
display device according to the present invention is charac-
terized in that it has an active matrix substrate, wherein the
active matrix substrate comprises a transparency base sub-
strate, a plurality of active elements formed on one main
surface of the base substrate, and a photodetector, where the
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photodetector comprises a metal layer provided on one main
surface of the base substrate, a photodiode arranged on an
upper layer of the metal layer, and an electrode arranged in the
vicinity of the photodiode on the upper layer of the metal
layer; the photodiode comprises a silicon layer having a semi-
conductor region, the silicon layer is insulated electrically
from the metal layer; the electrode is insulated electrically
from the metal layer and the silicon layer; and the metal layer
is formed so that a part of the metal layer is overlapped with
the silicon layer and the other part of the metal layer is
overlapped with the electrode in the thickness direction of the
base substrate.

Effects of the Invention

[0016] As mentioned above, according to the present inven-
tion, the metal layer to form a light-shielding layer for the
photodiode spreads to the under layer of the electrode
arranged in the vicinity of the photodiode, and thus the elec-
tric potential of the light-shielding layer (metal layer) can be
adjusted by applying the electrode with voltage. Further, the
relationship between the electric potential of the light-shield-
ing layer and the output characteristics of the photodiode can
be controlled by adjusting the electric potential of the light-
shielding layer, thereby a problem that the output character-
istics vary among the photodiodes even if the voltages applied
to the photodiodes are equivalent can be avoided. Therefore,
according to the present invention, variations in the output
characteristics among the photodiodes can be suppressed.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG.1isacross-sectional view showing a schematic
configuration of a photodetector according to an embodiment
of the present invention.

[0018] FIG. 2 is a plan view showing from above the pho-
todetector shown in FIG. 1.

[0019] FIG. 3 is a plan view showing a schematic configu-
ration of a part of a display device provided with the photo-
detector shown in FIG. 1.

[0020] FIG.4 includes diagrams showing an electric poten-
tial of a light-shielding layer and a state of a photodiode. FIG.
4 A shows flows of free electrons and positive holes; FIG. 4B
shows an energy hand in the photodiode; and FIG. 4C shows
an equivalent circuit.

[0021] FIG.5 includes diagrams showing an electric poten-
tial of a light-shielding layer and a state of a photodiode. FIG.
5 is distinguished from FIG. 4 in the electric potential level of
the light-shielding layer. FIG. 5A shows flows of free elec-
trons and positive holes; FIG. 5B shows an energy band in the
photodiode; and FIG. 5C shows an equivalent circuit.

[0022] FIG. 6 includes diagrams showing an electric poten-
tial of a light-shielding layer and a state of a photodiode. FIG.
6 is distinguished from FIGS. 4 and 5 in the electric potential
level of the light-shielding layer. FIG. 6 A shows flows of free
electrons and positive holes; FIG. 6B shows an energy band in
the photodiode; and FIG. 6C shows an equivalent circuit.
[0023] FIG. 7 is a diagram showing a relationship between
a photocurrent in the photodiode and an electric potential of
the light-shielding layer.

[0024] FIG. 8is a diagram showing the respective ranges of
a mode A to a mode C.

[0025] FIG.9is adiagram showing the respective ranges of
a mode A to a mode C, and FIG. 9 shows an example distin-
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guished from FIG. 8 in the relationship between the electric
potential of the light-shielding layer and the output charac-
teristics of the photodiode.

[0026] FIG. 10 is a diagram showing the respective ranges
of a mode A to a mode C, and FIG. 10 shows an example
distinguished from FIGS. 8 and 9 in the relationship between
the electric potential of the light-shielding layer and the out-
put characteristics of the photodiode.

[0027] FIG. 11 is an explanatory view showing a relation-
ship between the light-shielding layer, the photodiode and the
electrode.

[0028] FIG. 12 is a cross-sectional view showing a configu-
ration of a conventional liquid crystal display panel provided
with a photodiode.

DESCRIPTION OF THE INVENTION

[0029] A photodetector according to the present invention
is characterized in that it includes a transparency base sub-
strate, a metal layer provided on one main surface of the base
substrate, a photodiode arranged on an upper layer of the
metal layer, and an electrode arranged in the vicinity of the
photodiode on the upper layer of the metal layer, wherein the
photodiode comprises a silicon layer having a semiconductor
region, the silicon layer is insulated electrically from the
metal layer; the electrode is insulated electrically from the
metal layer and the silicon layer; and the metal layer is formed
so that a part of the metal layer is overlapped with the silicon
layer and the other part of the metal layer is overlapped with
the electrode in the thickness direction of the base substrate.
[0030] A display device according to the present invention
is characterized in that it has an active matrix substrate,
wherein the active matrix substrate comprises a transparency
base substrate, a plurality of active elements formed on one
main surface of the base substrate, and a photodetector, where
the photodetector comprises a metal layer provided on one
main surface of the base substrate, a photodiode arranged on
anupper layer of the metal layer, and an electrode arranged in
the vicinity of the photodiode on the upper layer of the metal
layer; the photodiode comprises a silicon layer having a semi-
conductor region, the silicon layer is insulated electrically
from the metal layer; the electrode is insulated electrically
from the metal layer and the silicon layer; and the metal layer
is formed so that a part of the metal layer is overlapped with
the silicon layer and the other part of the metal layer is
overlapped with the electrode in the thickness direction of the
base substrate.
[0031] In the photodetector and the display device accord-
ing to the present invention, it is preferable that the silicon
layer includes a p-type semiconductor region, an intrinsic
semiconductor region and an n-type semiconductor region,
and that the p-type semiconductor region, the intrinsic semi-
conductor region and the n-type semiconductor region are
adjacent to each other in the planar direction of the silicon
layer.
[0032] Further, in the display device according to the
present invention, the electrode can be a part of a wiring
connected to any of the plurality of active elements. Specifi-
cally, in a case where the active element is a transistor ele-
ment, the electrode can be a part of a gate wiring connected to
a gate electrode of the transistor element or a part of a source
wiring.

Embodiment

[0033] Hereinafter, a photodetector and a display device
according to an embodiment of the present invention will be
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described with reference to FIGS. 1-11. First, schematic con-
figurations of a photodetector and a display device according
to the present embodiment will be described. FIG. 1 is a
cross-sectional view showing a schematic configuration of a
photodetector according to the embodiment of the present
invention. FIG. 2 is a plan view showing from above the
photodetector shown in FIG. 1. FIG. 3 is a plan view showing
a schematic configuration of a part of the display device
provided with the photodetector shown in FIG. 1. In FIG. 1,
only the conductive and semi-conductive members for form-
ing an active matrix substrate 20 as described below are
hatched. FIGS. 2 and 3 show the main components only.
[0034] AsshowninFIG.1,aphotodetector according to the
present embodiment is provided to the active matrix substrate
20. The active matrix substrate 20 composes a part of the
display device according to the present embodiment. The
display device according to the present embodiment is a
liquid crystal display device, which is formed by interposing
a liquid crystal layer 21 between the active matrix substrate
20 and a filter substrate 22. In FIG. 1, the filter substrate 22 is
shown only in the appearance. Though not shown, the filter
substrate 22 is provided with a counter electrode and a color
filter.

[0035] In the present embodiment, as shown in FIG. 3, a
plurality of thin film transistors (TFTs) 15 are formed on the
active matrix substrate 20. The TFTs 15 are arranged in a
matrix together with transparency pixel electrodes 16 on one
main surface ofthe base substrate 2 (see FIG. 1). The TFTs 15
function as active elements for turning on and off the pixel
electrodes 16. One TFT 15 and one pixel electrode 16 com-
pose one sub-pixel, and one pixel is composed of a set of three
sub-pixels. The three sub-pixels composing one pixel are
different from each other in the color of the corresponding
color filters.

[0036] Furthermore, each of the TFTs 15 is provided with a
silicon layer 15a on which a source region and a drain region
are formed, and a gate electrode 155. The gate electrode 155
is formed integrally with a gate wiring 13 arranged along the
horizontal direction of a screen. A source electrode 17 is
connected to the source region, and a drain electrode 18 is
connected to the drain region. The source electrode 17 is
formed integrally with a source wiring 14 arranged along the
vertical direction of the screen. The drain electrode 18 is
connected to the pixel electrode 16.

[0037] As shown in FIGS. 1 and 2, the photodetector
includes the transparency base substrate 2, a metal layer 3
provided on a main surface of the base substrate 2, a photo-
diode 1 arranged on an upper layer of the metal layer 3, and an
electrode 12 also arranged on the upper layer of the metal
layer 3. In the present embodiment, the base substrate 2
composes a part of the active matrix substrate 20. The metal
layer 3 is a light-shielding layer provided to prevent incidence
of light from a backlight device into the photodiode 1 (here-
inafter referred to as “light-shielding layer 3”). The light-
shielding layer 3 is insulated electrically in the entire circum-
ference so that it is in an electrically suspended state.

[0038] Further as shown in FIGS. 1 and 2, the photodiode 1
includes a silicon layer 11 having a semiconductor region.
The silicon layer 11 is formed on an insulating layer 4 that
covers the light-shielding layer 3, and insulated electrically
from the light-shielding layer 3. In the present embodiment,
the photodiode 1 is a PIN diode having a lateral structure. In
the silicon layer 11, an n-type semiconductor region (n-layer)
114, an intrinsic semiconductor region (i-layer) 116 and a
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p-type semiconductor region (p-layer) 11¢ are provided in
this order. Among these semiconductor regions, the i-layer
11c serves as the photodetection region of the photodiode 1.
The n-layer 11a, the i-layer 11¢ and the p-layer 11c¢ are
formed adjacent to each other in the planar direction of the
silicon layer 11.

[0039] Thei-layer 11c is not limited particularly as long as
it is electrically neutral in comparison with the adjacent
n-layer 11a and the p-layer 11c¢. Itis preferable that the i-layer
11c is completely free of impurities and/or it is a region where
the conduction electron density and the hole density are equal
to each other. Alternatively however, thei-layer 115 can be an
n-region where the diffusion concentration of the n-type
impurity is lower than that of the n-layer 11a, or a p-region
where the diffusion concentration of the p-type impurity is
lower than that of the p-layer 11c.

[0040] In the present embodiment, the type of the silicon
composing the silicon layer 11 is not limited particularly.
However, from the viewpoint of the charge-transfer rate, the
silicon layer 11 is formed preferably of a continuous grain
boundary silicon or a low-temperature poly-silicon. It is also
preferable that the silicon layer 11 is formed by using the
process for forming the TFT 15 (see FIG. 3).

[0041] Further, as shown in FIGS. 1 and 2, the electrode 12
is formed in the vicinity of the photodiode 1 so as to be
electrically insulated from both the light-shielding layer 3 and
the silicon layer 11. In the present embodiment, the electrode
12 is formed on the interlayer insulating layer 5 that covers the
silicon layer 11. The electrode 12 is insulated electrically
from the silicon layer 11 by the interlayer insulating layer 5,
and is insulated electrically from the light-shielding layer 3
by both the insulating layer 4 and the interlayer insulating
layer 5. Furthermore, as shown in FIG. 2, the electrode 12 is
adjacent to the silicon layer 11 when viewed from above. On
the electrode 12, an interlayer insulating layer 6 is formed
further to cover the electrode 12.

[0042] Furthermore as shown in FIG. 2, the light-shielding
layer 3 is formed so that a part thereof is overlapped with the
silicon layer 11 and the other part is overlapped with the
electrode 12 in the thickness direction of the base substrate 2.
Namely, the light-shielding layer 3 is formed to cover not only
the region right below the silicon layer 11 but the region right
below the electrode 12. In the present embodiment, only the
i-layer 11¢ of the silicon layer 11 is the photodetection region.
The light-shielding layer 3 is not limited particularly as long
as it shields at least the i-layer 11c¢ of the silicon layer 11.

[0043] As mentioned above, unlike the example described
in the Technical Field with reference to FIG. 12, the light-
shielding layer 3 is formed beyond the region right below the
photodiode 1 according to the present embodiment, and the
electrode 12 is formed further thereon. Therefore, the electric
potential of the light-shielding layer (metal layer) 3 can be
adjusted by applying a voltage to the electrode 12, and thus
the relationship between the electric potential of the light-
shielding layer 3 and the output characteristics of the photo-
diode 1 can be controlled.

[0044] Therefore, as shown in FIG. 3, in a case where a
plurality of photodiodes 1 of the same specification are
formed on one active matrix substrate 20, voltages of the
electrodes 12 corresponding respectively thereto are
adjusted. And in a case where the reverse bias voltages are
uniform, the output characteristics of the respective photo-
diodes 1 also will be uniform, and occurrence of variations in
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the output characteristics among the photodiodes 1 is sup-
pressed. This will be described later in detail.

[0045] Furthermore in the present embodiment, as shown
in FIG. 3, the electrode 12 composes a part of the gate wiring
13. Application of voltage to the electrode 12 is carried out
when a corresponding gate wiring 13 is not selected. And the
level of the voltage to be applied to the electrode 12 at this
time is set to a value lower than the threshold voltage of the
TFT 15 so as to prevent the 15 (see FIG. 3) from being
unnecessarily turned on.

[0046] In the present embodiment, the electrode 12 is not
limited to the above-described example as long as it com-
poses a part of the wiring connected to any of the TFTs (active
elements) 15. For instance, it can be a part of the source wiring
connected to the TFT 15. In this case, a voltage signal is
applied to the electrode 12 at a selected timing that the source
wiring is not used for sending a display signal.

[0047] In FIG. 1, numeral 9 denotes a flattening layer, and
10 denotes a protective layer. Numeral 7 denotes a wiring
connected to the n-layer 11a, and 8 denotes a wiring con-
nected to the p-layer 11¢. The wirings 7 and 8 are formed to
penetrate the interlayer insulating layers 5, 6 and the flatten-
ing layer 9. The wirings 7 and 8 are not shown in FIG. 3.

[0048] Next, setting of a voltage V oz, to be applied to the
electrode 12 (see FIGS. 1-3) will be described with reference
to FIGS. 4-11. First, an influence imposed on the photodiode
1 by an electric potential V ; of the light-shielding layer 3 in a
state where no voltage is applied to the electrode 12 (a state
where there is no electrode 12) is explained with reference to
FIGS. 4-6.

[0049] FIGS. 4-6 are diagrams respectively showing the
electric potentials of the light-shielding layers and the states
of the photodiodes. FIGS. 4A, 5A and GA show the flows of
free electrons and positive holes, FIGS. 4B, 5B and 6B show
energy bands in the photodiodes, and FIGS. 4C, 5C and 6C
show equivalent circuits. The electric potential V; of the
light-shielding layer 3 in FIG. 4 satisfies the formula (1)
below, the same electric potential in FIG. 5 satisfies the for-
mula (2) below, and the same electric potential in FIG. 6
satisfies the formula (3) below.

[0050] InFIGS.4-6,V .denotes an electric potential in the
n-layer 11a of the photodiode 1, and V, denotes an electric
potential in the p-layer 11¢ of the photodiode 1.V, , denotes
a threshold voltage for a case of a n-channel MOS transistor
having the n-layer 11a as a source-drain region, the light-
shielding layer 3 as a gate electrode, and the insulating layer
4 as a gate insulating layer. Similarly, V,,,, denotes a threshold
voltage for a case of a p-channel MOS transistor having the
p-layer 11¢ as a source-drain region, the light-shielding layer
3 as a gate electrode, and the insulating layer 4 as a gate
insulating layer. E_. denotes an energy level in a conduction
band, E denotes an energy level in a forbidden band, and E,
denotes an energy level in a valence band.

[Formula 1]
VitV Vo<(VetVa_y) o
[Formula 2]
Ve<(Vat Vi p)<(VetVa ) 2
[Formula 3]
VitV p)<VeAV, )<V 3
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[0051] As shown in FIGS. 4A and 4B, in a case where the
electric potential V ; of the light-shielding layer 3 satisfies the
above formula (1) (hereinafter, this case is referred to as
“mode A”), transfer of the free electrons and the positive
holes will occur easily in the vicinity of both the interfaces of
thei-layer 1156. As shown in FIG. 4C, in the mode A, a current
can flow smoothly within the photodiode 1.

[0052] As shown in FIGS. 5A and 5B, in a case where the
electric potential V ; of the light-shielding layer 3 satisfies the
above formula (2) (hereinafter, this case is referred to as
“mode B”), transfer of the free electrons and the positive
holes will occur easily only in the vicinity of the interface of
the i-layer 115 at the n-layer 11a side. As shown in FIG. 5C,
in the mode B, the current flow is hindered by the i-layer 115.
[0053] As shown in FIGS. 6A and 6B, in a case where the
electric potential V ; of the light-shielding layer 3 satisfies the
above formula (3) (hereinafter, this case is referred to as
“mode C”), transfer of the free electrons and the positive
holes will occur easily only in the vicinity of the interface of
the i-layer 115 at the p-layer lie side. As shown in FIG. 6C, in
the mode C, the current flow is hindered by the i-layer 115
similarly to the case of the mode B.

[0054] Here, the relationship between the respective modes
and a photocurrent will be explained with reference to FIG. 7.
FIG. 7 is a diagram showing the relationship between a pho-
tocurrent in the photodiode and the electric potential of the
light-shielding layer. In FIG. 7, the y-axis indicates a current
value [A/um] of a current outputted from the photodiode 1,
and the x-axis indicates the electric potential V [V] of the
light-shielding layer 3.

[0055] As shown in FIG. 7, the photocurrent and the dark
current of the photodiode 1 fluctuate depending on the elec-
tric potential V; of the light-shielding layer 3. And there is a
tendency that the photocurrent increases the most and the
dark current becomes the lowest at the time of the mode A as
shown in FIG. 4. Namely, when the photodiode 1 is in the
mode A, the ratio of the photocurrent to the dark current (S/N
ratio) is raised, and the output characteristics of the photo-
diode 1 turns to be a preferable state. That is, as shown in
FIGS. 4-7, the output characteristics of the photodiode 1
fluctuate together with the fluctuation in the electric potential
of the light-shielding layer 3. And the photocurrent and the
dark current fluctuate remarkably when there occurs a
switchover between the modes. In light of this, it is preferable
that a switchover from one mode to another does not occur.
[0056] It should be noted that FIG. 7 shows only one
example, and actually the mode A range varies among the
photodiodes. Namely, the relationship between the electric
potential V; of the light-shielding layer 3 and the output
characteristics of the photodiode 1 varies among the photo-
diodes 1. This is because that the diffusion concentrations of
the n-layer 11a and the p-layer 11¢ vary even among the
photodiodes of the same specification, and thus variations
exist in the threshold voltages V,;,_, andV,, . Another rea-
son is that the electric charge amount of the fixed charge
contained in the photodiode 1, the light-shielding layer 3 and
the like varies among the photodiodes. Hereinafter, the varia-
tions in the range of the mode A will be described with
reference to FIGS. 8-10.

[0057] FIGS. 8-10 are diagrams showing the respective
ranges of the mode A to the mode C, which are different from
each other in the relationship between the electric potentials
of the light-shielding layers and the output characteristics of
the photodiodes. In each of the drawings, the y-axis indicates
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the electric potential V of the light-shielding layer, and the
x-axis indicates the electric potential V , of the p-layer 11c.
[0058] Here, the electric potential V ; of the light-shielding
layer 3 will be discussed. First, between the light-shielding
layer 3 and the photodiode 1, capacitances are formed by the
insulating layer 4. When the capacitance between the n-layer
11a and the light-shielding layer 3 is expressed as C, . and the
capacitance between the p-layer 11c and the light-shielding
layer 3 is expressed as C,, (see FIG. 11), the electric potential
V of the light-shielding layer 3 can be approximated as
shown in the formula (4) below by using the electric potential
V , of the p-layer 11c.

[Formula 4]
Cye @
fo= VA(cgc fcga]
[0059] In the above formula (4), when (C, /C, +C, )=a,

the electric potential V; of the light-shielding layer 3 can be
approximated further by using the formula (5) below. In
FIGS. 8-10, the electric potential V; of the light-shielding
layer 3 is expressed by the formula (5) below.

[Formula 5]
VemaV 5
[0060] Forinstance, when the length L, of the p-layer lie in

the forward direction and the length L,, of the n-layer 11a in
the forward direction are equal to each other, the o value
becomes (V2). In fact however, in the above formula (5), the a
value is not constant but it varies among the modes. Therefore
in the example as shown in FIGS. 9 and 10, the gradient of the
straight line indicating the above formula (5) will vary among
the modes.

[0061] Forexample,inthe mode B, the region ofthe p-layer
11cis increased substantially as shown in FIG. §, and the C,,
value becomes greater in comparison with the case of the
mode A. Therefore in the mode B, the a value become greater
and the gradient of the straight line indicating the above
formula (5) becomes larger. On the other hand, in the mode C,
the region of the n-layer 11a is increased substantially as
shown in FIG. 6, and the C,, value becomes greater in com-
parison with the case of the mode A. Therefore in the mode C,
the a value become smaller and the gradient of the straight
line indicating the above formula (5) becomes smaller. How-
ever, since the fluctuation width ofthe actual a value is trivial,
it is not shown in FIGS. 8-10.

[0062] Hereinafter, FIGS. 8-10 will be reviewed. In an
example as shown in FIG. 8 where the threshold voltageV,,, ,,
is positive and the threshold voltage V,, , is negative, a
straight line indicating the above formula (5) exists constantly
within the range of the mode A irrespective of the electric
potential V , of the p-layer 11c. Therefore in this case, the
photodiode 1 is in the state of mode A constantly.

[0063] In contrast, in an example as shown in FIG. 9 where
both the threshold voltages V,, , and'V,, , are positive, the
straight line indicating the above formula (5) crosses the
boundary line between the mode A and the mode B when the
electric potential V , of the p-layer 11c¢ approaches zero. At
this time, the mode of the photodiode 1 is changed from the
mode A to the mode B, and the output characteristics fluctuate
considerably.
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[0064] Further in an example as shown in FIG. 10 where
both the threshold voltages V,,_, andV,, , are negative, the
straight line indicating the above formula (5) crosses the
boundary line between the mode A and the mode C when the
electric potential V, of the p-layer 11c¢ approaches zero. At
this time, the mode of the photodiode 1 is changed from the
mode A to the mode C, and the output characteristics fluctuate
considerably.

[0065] As shownin FIGS. 8-10, even when the voltages V
applied to the p-layers 11¢ of the respective photodetectors 1
are equivalent, the modes of the respective photodiodes 1 may
vary and thus the respective output characteristics may vary

[0066] Next, adjustment of the electric potential V5 of the
light-shielding layer 3 will be explained with reference to
FIG. 11. FIG. 11 is an explanatory view showing the relation-
ship between the light-shielding layer, the photodiode, and
the electrode. As shown in FIG. 11, according to the present
embodiment, the electrode 12 is arranged in the vicinity of the
photodiode. Therefore, when the voltage V ., is applied to
the electrode 12, an electric field is provided by the electrode
12 to the light-shielding layer 3, and thus the electric potential
V; of the light-shielding layer 3 fluctuates. In this case, the
electric potential V of the light-shielding layer 3 can be
expressed by the formula (6) below.

[Formula 6]
Cea ©)
Vax Voot VA( Cerr + Cdiode]
[0067] In the above formula (6), the capacitance Cozz;

denotes a capacitance formed between the electrode 12 and
the light-shielding layer 3. The capacitance C ;. is a capaci-
tance between the entire photodiode 1 and the light-shielding
layer 3, which s the total of the capacitance C,, a capacitance
C,: and the capacitance C,,(C0z=CootCyi#Cy,). The
capacitance C,, denotes a capacitance formed between the
i-layer 115 and the light-shielding layer 3 (see FIG. 11).
[0068] Further in the above formula (6), V., denotes an
electric potential that rises due to application of a voltage to
the electrode 12. V,, can be expressed by the formula (7)
below. By substituting the formula (7) into the above formula
(6), the electric potential V ; of the light-shielding layer can be
expressed by the formula (8) below.

[Formula 7]
Cerre @)
V.o =V, _—
& CTRL( Cerre + Caiode ]
[Formula 8]
Ve n vV ( Ccerre ] ( Cea ] 3)
G TR Cerme + Caiode \Cerar + Caioe

[0069] In this manner, according to the present embodi-
ment, it is possible to adjust the electric potential V; of the
light-shielding layer 3 by adjusting the voltage V ., applied
to the electrode 12. Therefore for instance, in the example as
shown in FIGS. 9 and 10, by adjusting the voltage V c7z;, Vo
becomes an intercept of a straight line as indicated with the
arrows of broken lines in these drawings, and thus the straight
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line can be translated. In this case, even when the electric
potential V, of the p-layer 11¢ approaches zero, the photo-
diode 1 is still in the mode A.

[0070] In the photodetector and the display device accord-
ing to the present embodiment, by controlling the electric
potential V; of the light-shielding layer 3 corresponding to
the respective photodiodes 1, it is possible to suppress fluc-
tuation in the output characteristics among the photodiodes 1.
Namely, it is possible to avoid a situation that a part of the
plural photodiodes of the same specification is in the mode
Awhile the remaining part is in the mode B or the mode C
during a reverse bias voltage of an equal electric potential is
applied to the photodiodes 1.

[0071] Although the present embodiment refers to a case
where the display device is the liquid crystal display device,
the display device according to the present embodiment will
not be limited to the example. The display device can be an
organic EL display device or an inorganic EL display device
for instance other than the liquid crystal display device.

INDUSTRIAL APPLICABILITY

[0072] As mentioned above, the photodetector of the
present invention can be incorporated in a display device such
as a liquid crystal display device or an EL display device. A
display device of the present invention further can be used as
a liquid crystal display device, an EL display device or the
like. The photodetector and the display device of the present
invention have industrial availability.

1. A photodetector comprising: a transparency base sub-
strate, a metal layer provided on one main surface of the base
substrate, a photodiode arranged on an upper layer of the
metal layer, and an electrode arranged in the vicinity of the
photodiode on the upper layer of the metal layer, wherein

the photodiode comprises a silicon layer having a semicon-

ductor region, the silicon layer is insulated electrically
from the metal layer;

the electrode is insulated electrically from the metal layer

and the silicon layer; and

the metal layer is formed so that a part of the metal layer is

overlapped with the silicon layer and the other part of the
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metal layer is overlapped with the electrode in the thick-
ness direction of the base substrate.

2. The photodetector according to claim 1, wherein the
silicon layer comprises a p-type semiconductor region, an
intrinsic semiconductor region and an n-type semiconductor
region; and

the p-type semiconductor region, the intrinsic semiconduc-

tor region and the n-type semiconductor region are adja-
cent to each other in the planar direction of the silicon
layer.
3. A display device having an active matrix substrate,
wherein
the active matrix substrate comprises a transparency base
substrate, a plurality of active elements formed on one
main surface of the base substrate, and a photodetector,

the photodetector comprises a metal layer provided on one
main surface of the base substrate, a photodiode
arranged on an upper layer of the metal layer, and an
electrode arranged in the vicinity of the photodiode on
the upper layer of the metal layer;

the photodiode comprises asilicon layer having a semicon-

ductor region, the silicon layer is insulated electrically
from the metal layer;

the electrode is insulated electrically from the metal layer

and the silicon layer; and

the metal layer is formed so that a part of the metal layer is

overlapped with the silicon layer and the other part of the
metal layer is overlapped with the electrode in the thick-
ness direction of the base substrate.

4. The display device according to claim 3, wherein the
silicon layer comprises a p-type semiconductor region, an
intrinsic semiconductor region and an n-type semiconductor
region; and

the p-type semiconductor region, the intrinsic semiconduc-

tor region and the n-type semiconductor region are
formed to be adjacent to each other in the planar direc-
tion of the silicon layer.

5. The display device according to claim 3, wherein the
electrode is a part of a wiring connected to any of the plurality
of active elements.
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