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Thin-film photodiodes with the graded-composition structures of amorphous Se—As—Te have been developed. The
physical mechanism of the buit-in-field effect in these highly resistive photodiodes has been clarified. In order to realize
complicated composition distributions, multi-layer evaporation technology has also been developed. The physical
properties of multi-layered films and those of the uniform amorphous film have been compared, and it has been shown that
a multi-layered film of 1 nm periodicity can be regarded as an almost uniform amorphous material. Built-in-field effect
photoreceptors can be utilized not only for TV pickup tubes but also for highly sensitive xerographic plate and other solid-

state sensors.

§1. Introduction—A Historical Background

Selenium was one of the earliest semiconductors to
achieve practical applications. Selenium rectifiers and
photocells were the predecessors of germanium or
silicon diodes and solar cells, though the selenium mate-
rial had been used in polycrystalline form in contrast
with the single crystalline form of tetrahedral semi-
conductors.

In amorphous form, selenium is also known as one
of the first practical photoconductors for xerographic
plates and experimental vidicon pickup tubes.? These
devices are still playing major roles in information proc-
essing or image technology.

In contrast, amorphous pure tetrahedral material
such as Si and Ge, as well as microcrystalline ones,
have been shown to be poor photoconductors. These
materials contain a large density of dangling bonds or
grain boundaries that act as recombination centers or
carrier traps. In 1975, Spear and LeComber found that
these localized states are drastically reduced in glow-
discharge produced amorphous silicon,® and that even
p-n junction is possible to be formed by doping boron
or phosphorous impurities into this material.*’ Amor-
phous hydrogenated silicon has, since then, become a
real semiconductor material that is expected to have
many practical applications, such as in solar cells,”
vidicons,® xerographic plates” and thin-film tran-
sistors.®

The concept of dangling-bond termination in amor-
~phous hydrogenated silicon can also be applied to
microcrystalline tetrahedral materials. Hamasaka et
al.® and Matsuda er al.'® have shown that glow-
discharge produced amorphous hydrogenated silicon
that contains microcrystalline shows very high doping
efficiency. The parallelism between amorphous or
polycrystalline selenium and amorphous or polycrystal-
line hydrogenated silicon is now becoming more distinct
in spite of their different bonding coordinations, that is,
in two-dimentional selenium and tetrahedral silicon.
Because of its rigid spatial structure, amorphous silicon
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needs dangling-bond terminators such as hydrogen
atoms, while flexible amorphous selenium does not need
such terminators to reduce its dangling bonds.

Formation of p-n junction in hydrogenated amor-
phous silicon has already been ascertained.” However,
no reliable report on p-n junction formation in amor-
phous selenium has appeared, whereas a few papers on
conductivity modulation in amorphous chalcogenides
have attracted some attention.!? =13 The reasons seem
to be that it is difficult to obtain n-type amorphous
selenium and amorphous selenium has too low a bulk
conductivity for the investigation of junction char-
acteristics.

Classical selenium rectifiers are known to have
the heterostructure of n-type CdSe and p-type
polycrystalline selenium. There is the possibility of
obtaining junction characteristics, therefore, in the
heterostructure of some n-type material and amor-
phous selenium, though we must also take into account
the very low bulk conductivity of a-Se, which is in the
order of 10714 Q" cm™1.

The present paper deals with the formation of Se-rich
amorphous chalcogenide thin-film photodiodes and
their application to TV pickup tubes and other photo-
sensors. Though this work was first reported!3~1%
before the success of p-n junction formation in amor-
phous silicon, the operating mechanism of this amor-
phous chalcogenide photodiode has not yet been fully
explained. The present paper is an attempt to give an
overview of the physical properties and characteristics
of this amorphous semiconductor diode.

§2. Thin-Film Diodes and Blocking Layer

In conventional Schottky barrier diodes, it is assumed
that the ohmic counter electrode to the semiconductor
has no significant effect on the barrier characteristics of
the Schottky contact. This is not the case in low-
conductivity thin-film semiconductors. Figure 1 shows
the band diagram for a p-type thin-film Schottky-
barrier diode. A potential barrier for holes is formed
between metal electrode, M,, and the semiconductor,
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Fig. 1. Band models for a thin-film Schottky-barrier diode.
M;, M,: Metal electrodes. S: p-type semiconductor. (a)

Without applied voltage. (b) With applied voltage.
Porous SbyS
‘/ Cathode

LR

Fig. 2. Blocking-type vidicon targets of selenium photo-
conductor. (a) Only holes are blocked. (b) Both electrons
and holes are blocked. (¢) Hole-blocking is reinforced by
CeQ, insertion.

Glass face pl ate

S, while the counter electrode, M,, is assumed to be
ohmic to the semiconductor. When reverse bias is ap-
plied to the Schottky barrier, as in Fig. 1(b), hole injec-
tion from M, is of course blocked by the barrier, but
electron injection from M, is not. Moreover, because
semiconductor S is highly resistive and very thin, a
density of excess electrons far beyond thermal equi-
librium can be injected into the semiconductor from M,.
If p.t E is larger than the thickness of the semicon-
ductor, the reverse characteristics of this diode are
destroyed by this excess electron current, where u., 7,
and E are electron mobility, electron lifetime and
electric field, respectively.

The most primitive selenium vidicon target is shown
schematically in Fig. 2. On a glass substrate, an SnO,
transparent electrode is deposited by chemical vapor
deposition, or some other method. On top of this layer,
a pure Se film about 2 um thick is deposited by vacuum
deposition. A rectifying barrier is thus formed between
the n-type SnO and the p-type a-Se.

In ordinary vidicon operation, the transparent
electrode is biased positively to the scanning electron
beam to reverse-bias the rectifying barrier. The low
velocity scanning beam (~1 ¢eV) lands on the surface
of the photoconductive target, and become uniform sur-
face charge which will produce internal electric field in
the highly resistive photoconductor. When the effective
resistance of the photoconductor is much higher than

the electron beam resistance, the surface potential of
the photoconductor can be regarded as nearly same as
that of the cathode. When the photoconductor is illu-
minated, the surface charge is modulated by the
photogenerated carriers during the scanning period. The
average surface potential during illumination, therefore,
is different from that of the cathode. But if the amplitude
of this potential modulation is small compared with the
total voltage applied to the photoconductor, the surface
potential again can be regarded as approximately same
as that of the cathode. This potential amplitude AV is
estimated from
AV =1,/ C),

where 7., i, and C, are the scanning period, the photo-
current and the target capacitance, respectively. In
ordinary operation, 4V is about 2 volts. Thus, at low
light levels, vidicon can be regarded as a kind of sand-
wich-type photoconductive cell.

Dark- and photocurrent in the vidicon target shown
in Fig.2 do not show complete saturation charac-
teristics, however, and the decay time of the photo-
current is sometimes as large as hundreds milliseconds,
reflecting a large carrier lifetime due to trapping. More-
over, the photocurrent in this type of target easily shows
negative characteristics above a certain target voltage,
as is shown in Fig. 3(a). This is due to secondary elec-
tron emission from the scanning surface of the target.

These drawbacks can be avoided if we deposit a
porous Sb,S; layer, as thin as 100 nm, on top of the
a-Se layer, as is shown in Fig. 2(b). This layer prevents
secondary electron emission owing to its porous struc-
ture and also acts as a blocking layer for electrons
from scanning beam impinging into the conduction
band of the a-Se. Photocurrent-voltage characteristics
for a typical target of this type are shown in Fig. 3(b).

More complete saturation of the photocurrent is ob-
tained by inserting a hole-blocking layer between the
SnO, and Se as is shown in Fig. 2(c). In this case, the
blocking layer is a CeO, film several tens of nm in
thickness.

Figure 2(c) is the basic structure of our thin-film
amorphous chalcogenide diode. Hole and electron
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Fig. 3. Current-voltage characteristics of a Se-target vidicon.
(a) Type-a target from Fig. 2. (b) Type-b target.
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Fig. 4. Band model for the basic structure of a Se blocking
target.

injections are blocked by CeO, and Sb,S; layers,
respectively. The blocking mechanisms in these two
layers, however, are different from each other. Figure 4
shows a band diagram of this thin-film diode. Cerium
oxide is an n-type wide-gap material and forms a large
potential barrier to holes, whereas electrons can flow
freely through the CeO,-Se interface. The antimony
trisulfide layer, on the other hand, has a narrower gap
than a-Se, but it contains a large number of electron
traps. Most of the electrons injected from the scanning
beam are trapped in this layer and form a negative
space-charge barrier. Photogenerated holes in the a-Se
layer drift into the Sb,S; layer and recombine with the
trapped electrons in this layer.

In this basic structure of blocking photodiode, the
decay time constant, 7., of the photocurrent is usually
determined by

Tthd/ I’lhE,

where d is the thickness of the photoconductor and E is
the electric field in the photoconductor. The value of
7,5 can be much less than that of excess majority carrier
lifetime 7,, which determines the decay time in an in-
jection type photoconductive cell. Thus, the blocking
photodiode has characteristics similar to those of a p-i-n
photodiode: fast photoresponse, low dark current,
small junction capacitance, high breakdown voltage
etc.

In an amorphous heterostructure, the lattice mis-
match is not as serious a problem as in crystalline
heterojunctions. This is thought to be due to the flexible
structure of two-dimentionally coordinated a-Se. This
flexibility increases the number of varieties of amor-
phous heterostructure photodiodes.

§3. Improvement of Thermal Stability and Spectral
Photoresponse

From a practical point of view, a-Se blocking photo-
have two major drawbacks: crystallization of the sele-
nium and insufficient red sensitivity.

Amorphous selenium is considered to be a random
mixture of eight-member rings and large molecular
chains of Se atoms. It gradually transforms itself into
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Fig. 5. Thermal properties of Se-As alloys. T.: Crystalliza-
tion temperature. T, : Glass-transition temperature.

](Field emission

SnO; T JCeOZ

Fig. 6. Internal field modulation by trapped carriers in high
trap-density materials.

trigonal microcrystalline even at room temperature. As
the bulk resistivity of the trigonal selenium decreases to
about 10°-10° Q cm, the local dark current of the crys-
tallized area of the photodiode increases greatly. This
causes white blemishes in the video images, if the diode
is used as a vidicon target.

The addition of arsenic to a-Se increases the crys-
tallization temperature and the glass transition tempera-
ture of the material, as is shown in Fig. 5. And the
addition of tellurium to a-Se enhances photosensitivity,
especially in the long wavelength region.'®

These additives, however, have undesirable effects on
the transport properties of a-Se. They increase carrier
traps in the material and lower the effective carrier mo-
bilities by several orders of magnitude. Moreover, they
destroy the blocking characteristics of the photodiode,
especially when illuminated by long-wavelength light.
This breakdown mechanism can be explained as shown
in Fig. 6. In a blocking photodiode, the photogenerated
carriers are separated by the applied electric field, and
electrons flow toward the transparent electrode (for-
ward) while holes flow the opposite way (backward).
If the bulk material involves a large density of carrier
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traps, negative carriers accumulate near the front
electrode while positive carriers accumulate at the rear
of the photoconductor. Recombination of these carriers
rarely occurs, because these trapped carriers can not
find their recombination counterparts, unless the latter
are injected through the blocking electrodes. Thus, in a
trap-rich blocking photodiode, a very high internal
electric field is built up near the contacts due to the
trapped space charge. This finally causes breakdown of
the blocking characteristics of the diode. This break-
down is reversible and occurs in two ways. One is a
uniform breakdown resulting in an increase in dark
current. The other is a local breakdown, which causes
“twinkling effect” in images produced by the device.

§4. Graded Composition Photodiodes

In order to enhance the red sensitivity of a-Se
blocking photodiode without increasing the number of
harmful carrier traps which destroy the blocking char-
acteristics or reduce carrier mobilities, we tried local
addition of Te to the a-Se. The concentration of Te has
to be low at the blocking contact with the CeO, layer,
because this region is very sensitive to negative space-
charge accumulation. The average concentration of Te
in the a-Se bulk should also be low to keep from reduc-
ing carrier mobilities or causing long decay lag in the
photocurrent. The best profile for Te distribution,
therefore, may be to have Te atoms concentrated near
the transparent electrode, where mostly incident light
is absorbed, but not at the blocking contact.

Two types of Te concentration that might satisfy
these requirements are shown in Fig. 7. Figure 7(a) is a
square distribution and (b) is triangular. A vidicon tar-
get with type-a distribution, however, has strange char-
acteristics. The video image taken by this target vanishes
very rapidly in spite of constant illumination. This
effect is due to instability of the photocurrent in this
type of target.

The mechanism for this instability is internal polariza-
tion. Pure crystalline Te has a very narrow energy gap
of about 0.3 eV. Although it is not easy to obtain amor-
phous Te film, it can be assumed that amorphous Te
has nearly the same mobility gap width as crystalline
Te. Further assuming that the mobility gap, E,, in an
amorphous Se,Te,; _, alloy can be described as E,=
E,(Se)x+ E,(Te)(1—x), the band models of the above
photoconductive films can be presented as shown in
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Fig. 7. Two types of Te distribution which might not destroy
hole-blocking characteristics.
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Fig. 8. Band models for the target proposed in Fig. 7.
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Fig. 9. Photocurrent-voltage characteristics of Te-doped
selenium vidicon targets.

Fig. 8. The type-a distribution of Te forms potential
wells both in the conduction and valence bands. The
absorption of incident light occurs primarily in this
region. Photogenerated electrons and holes, however,
are confined in the potential well and form a dipole
layer in the steady state. Thus, external photocurrent is
hardly observed after the formation of the dipole layer.
There are some experimental evidences that both elec-
trons and holes are confined in these potential wells.
In type-b distribution of Te, the potential well is tri-
angular, and the photogenerated carriers in this region
can be extracted by application of a sufficiently high
electric field to compensate the internal field caused by
band-narrowing.

The photocurrent-voltage characteristics of a type-b
target are shown in Fig. 9. There is a threshold voltage,
V. for each photocurrent build-up. These V,’s can be
described as the values of the applied voltage necessary
to just compensate for the internal electric field. The
width and height of the triangular Te concentration,
therefore, determines the value of V. In Fig. 9, the
target with the steeper Te distribution slope shows the
higher V.

Thus, this photoconductive target is composed of
four parts:

1) A hole-blocking region, which consists of a CeO,
layer and a relatively high-purity a-Se layer.
2) A photosensitive region, which has a triangular
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distribution of Te.

3) A capacitive region, which reduces the electrical
capacity of the target through connection of a small
series capacitance. This region is important because it
reduces capacitive lag of the target.

4) An electron-blocking region, which consists of a
porous Sb,S; layer.

The above target structure is favorable to optimiza-
tion of the operating characteristics of a pickup tube.
Dark current is subjected to the properties of the
blocking regions for both electrons and holes. Sensitivity
is determined by the Te concentration, and capacitive
lag is dependent on the thickness of the capacitive re-
gion. Thus, these characteristics can practically be de-
signed and controlled separately.

§5. Characteristics of Saticon® Pickup Tube

The graded-composition amorphous chalcogenide
photodiode introduced in the previous section is the
basic structure of the photoconductive target in the
Saticon®, now widely utilized as a TV camera tube for
broadcast, industrial and homeuse.!”

Because of its grainless, uniform material structure,
this target has very high resolving power. Figure 10
shows the amplitude response of an 18 mm-type
Saticon®. This response is limited not by the target
material itself, but by the scanning electron beam, and
higher response can be obtained by improving the
electron gun.

Figure 11 shows the spectral photosensitivity of the
Saticon®, compared with that of a pure selenium target.
The improvement in longer wavelength sensitivity is
clearly shown. This spectral sensitivity can be designed,
to some extent, by choosing a proper height and width
of Te distribution. This feature is favorable for obtain-
ing ‘“‘ideal” spectral photoresponse for color image
pickup, because in color TV cameras it is desirable to
obtain well-balanced red, green and blue signal currents
for three color channels. The spectral photoresponse in
Fig. 11 may seem to have a relative sensitivity in the
blue region that is too high compared with that of the
red region. It should be noted, however, that the

- spectral energy distribution of illumination in a studio
shows much higher energy in the red region than in the
blue region. Thus, the resulting spectral signals in this
pickup tube are averaged.

The lag characteristics of this pickup tube are quite
good. This means that the capacitive lag which comes
from the CR time constant of the target capacitance
and scanning beam resistance has been reduced by the
capacitive region introduced in the target, as was ex-
plained in the previous section, and that the photo-
conductive lag of this material is also low, due to the
blocking structure of the target and to the low density
of trapping levels in this material. Further reduction of
lag is possible through the use of uniform bias light,
which reduces the effective contact resistance of the
scanning electron beam and the effective density of
carrier traps in the target material.
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Fig. 10. Amplitude response of an 18 mm Saticon®.
501
=40r 7T~
E
3 With Te
.0 \
5 30r N
- \
\
‘E \
® 50 \Without Te
E \\\
2 \
£ 1of N
o \\\
0 700 ' 500 00 ' 700

Wavelength  (nm)

Fig. 11. Effect of Te-addition to the spectral photoresponse
of a Se vidicon target.

The dark current level is as low as ~0.3 nA/cm? at
room temperature. Thus, a very high signal-to-noise
ratio can be obtained compared with conventional
vidicons with injection-type Sb,S; photoconductive
targets, whose dark currents are as high as ~20 nA/cm?
and sometimes have lateral non-uniformities which de-
grade video-picture quality.

§6. Built-in-Field Effect Structure

In graded-composition photodiodes, it is desirable
that the effective field in the photosensitive region be as
high as possible. Since localized states or carrier traps
are concentrated in this region, photogenerated carriers
are easily immobilized and become fixed space charges
which modulate the local electric field and cause a
gradual increase or decrease in photocurrent. A higher
electric field may prevent the formation of such unde-
sirable space charges. Too high an applied voltage,
however, would increase secondary electron emission
at the back surface in a pickup tube.

Several new photodiode structures have been pro-
posed to improve photocurrent stability.*® Figure 12
shows two examples of them. In Fig. 12(b), half of the
Te triangle in (a) is replaced by arsenic. Since arsenic
forms deep electron traps in a-Se, this As-doped layer
will act as a space-charge sheet with the trapped elec-
trons thermally generated in the a-Se bulk or injected
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from the scanning beam as a leakage dark current.
Thus a built-in high electric field is established between
this space-charge region and the hole-blocking contact
with CeO,.

The effect of this built-in field is remarkable. The
total amount of Te for a certain value of photocurrent
is reduced compared with the amount needed in the
former triangular-Te structure, and photocurrent drift
is reduced, as shown in Fig. 13. Even better photocur-
rent stability is obtained with the structure shown in
Fig. 12(c), because the width of the Te-doped region is
further reduced.

The density of the arsenic composition in the space-
charge region in type-b and type-c targets should
decrease gradually toward the back, to avoid making a
potential step at the boundary with the capacitive re-
gion. In type-b and type-c targets, there may be potential
steps between the Te-doped photosensitive regions and
As-doped space-charge regions because arsenic is less
effective in reducing the mobility gap width of a-Se
than Te is. The accumulation of photogenerated holes
at these potential steps, however, does not seem to have
much effect on the stability of the photocurrent. This
may be the evidence that the photogenerated holes
flow rather smoothly out of the photosensitive region,
through localized states produced by the arsenic atoms,
into the conduction band of the a-Se of the capacitive
region, with the assistance of the high, local electric
field.

Figure 14 shows a proposed band diagram for a type-c
target. This structure hasa higher photosensitivity in the
long wavelength region than the type-b target does,
because the high Te-concentration region is closer to the
light-incident surface. This structure, however, clearly
has a potential step for photogenerated electrons, as is
shown in the figure. There are also some experimental
evidences of negative charge accumulation at this step.
However, these carriers can be extracted by high electric
field emission similar to the Poole-Frenkel effect.

The instability of electron current in this structure
has little influence on the total current, because the
photogenerated electrons have traverse-lengths as short
as only about 1/100 of those of holes.

§7. Multi-Layer Evaporation

The sophisticated film structure introduced in
the previous sections can be produced by multi-source,
high-precision evaporation technology.'® ~22 The cross-
sectional view of the evaporator, together with the
block diagram of the computer-controlled system,
is illustrated in Fig. 15. Substrates are placed near the
periphery on a turn table rotating around an axis at
e.g. 150 rpm. Several evaporation boats containing
evaporation sources, such as Se, Te and As,Se;, are
placed under the turn table. A common shutter and an
independent shutter (opening controller) are inserted
between each boat and the turn table.

The evaporation speeds of the evaporations from the
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boats are detected time-sequentially by a quartz moni-
tor, D, which is attached to the turn table and passes
through the gap between the boats and the opening
controllers. The principle for thickness measurement is
illustrated in Fig. 16. The oscillation frequency of the
quartz monitor changes from f; to f; when the monitor
passes over one evaporation boat-A, and from f; to f,
after passing over the next boat, B. Thus, f, —f; =fa; is
the frequency change due to deposition from boat A
for one turn, and f; —f, =f3; is that due to deposition
from boat B for one turn. The total thickness of the
deposition from boat A can be calculated from f, =
Sar+far+ o +fan while that from boat B can be
calculated from fy =15, + /5> + - - - +fgmWhere fu, fazs" " -
fan are the frequency changes due to the first, second, - - *
and n-th turn of deposition from boat A, and so on. In
this way, the evaporation speed for each boat can be
detected separately, using one quartz monitor, a digital
frequency counter and a computer system. These signals

are fed back to the boat-current controller and the
evaporation speed from each boat is held constant
throughout the deposition process.

Another quartz monitor, D,, is placed on the turn
table in the same position as the substrates. This moni-
tor time-sequentially detects the actual deposition speed
and composition ratio. The thickness signals from this
monitor are fed back to the opening controllers. The
shutters control the opening of each boat to obtain the
previously programmed composition ratio on the sub-
strate.

By using separate sets of evaporators for the Se, Te
and As,Se;, each structure of the targets shown in
Fig. 12 can easily be deposited. This evaporation system
can be used not only for laboratory experiments but
also for mass-production of pickup tubes.

Films deposited by this method, however, are not
uniform mixtures of amorphous materials. If we use
separate sets of evaporators for the Se, Te and
As,Se;, the deposited film may have a multi-layer
structure of Se-Te-As,Se;~Se-Te-As,Se;~--. Actu-
ally, the evaporation speed is slow, and the average
thickness of a single layer of each component is less
than 1 nm. However, whether this multi-layer film of
amorphous materials has the same physical properties
as a uniform or not should be investigated.

§8. Physical Properties of Amorphous Multilayer
Films

Amorphous chalcogenide materials are usually syn-
thesized in evacuated quartz ampoules. The materials
are melted and mixed for several hours in an electric
furnace. Then the ampoules are water- or air-quenched,
and the contents taken out.

However, the amorphous multi-layer films of the last
section have quite different structures. They have even
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periodic concentration profiles when they are deposited
from multi-sources. -

In order to investigate the physical properties of
these multi-layer films, a simplified structure was
chosen.?® Figure 17 shows the basic structure of an ex-
perimental multi-layer film. The total thickness of the
film is fixed at 2 um, and the thickness, 4¢, of a single
layer of each component is changed as a parameter.
Thus, if A¢=1 pum, the film is composed of a 1-um Se
layer and a 1-um As,Se; layer. If 4¢=100 nm, the film
is composed of ten 100-nm Se layers and ten 100-nm
As,Se,; layers accumulated alternately. The average
arsenic concentration in the film, therefore, is always
20 atomic 9. Evaporated As,,Seg, film using a source
material which had been synthesized in a quartz
ampoule was also prepared for comparison.

Figure 18 shows the optical transmission charac-
teristics of these films. They show nearly the same
optical properties, neglecting slight differences.

Figure 19 shows the temperature dependence of the
electrical conductivity of these films. Evaporated gold
electrodes were used for measurement. The current-
voltage characteristics were nearly ohmic, except for the
case of pure Se which showed an asymmetry. Electrical
conductivity decreased and its activation energy in-
creased, as At increased. This may be due to the build-
ing-up of a contact barrier between the Se and As,Se;.

The thermal properties of these films were investi-
gated using a differential scanning calorimeter. The
results are shown in Fig. 20. In pure Se, an exothermal
peak of crystallization and two endothermal peaks of
glass transition and melting are observed. In the Se-As
samples, however, only glass transition peaks are seen.
When Az is 1 um, two glass transition peaks appear at
temperatures near those of pure Se and As,Se;. This
shows that the two phases of Se and As,Se; are sepa-
rated. When Az decreases, these peaks come closer to
each other until they finally coincide with each other at
the glass transition temperature of As,,Seg,, although
the two peaks remain separated even at A¢=1 nm.

The above results are summarized in Fig. 21 as
functions of Az. The optical properties are almost
unchanged, at least in the width of optical gap. The
electrical properties show a large change between At=
1 nm and #=30 nm. Contact barriers between Se and
As,Se; may be completed in this thickness region. From
thermal analysis, it can be said that the multi-layered
film of 4¢=1 nm is almost uniform, but some micro-
phase-separation still remains.

§9. Application to Xerographic Photoreceptors and
Other Devices

Recently, the need for highly resistive red- or
infrared-sensitive photoconductive materials for diode-
laser printers has been growing. Selenium-rich amor-
phous photoconductors are the most popular materials
for xerography, but satisfactory long-wavelength sen-
sitivity has yet to be achieved.

The amorphous built-in-field-effect photoreceptor

Fig. 17. Schematic cross section of experimental multi-layer
of Se and As,Ses.
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introduced in this paper is considered to‘be one of the
most promising candidates for use in a diode-laser
photoconductor.?¥) Figure 22 shows the proposed
structure for the photoconductive film. A tellurium-
doped photosensitive region is located near the sub-
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Fig. 23. Charge-decay characteristics of a built-in-field effect
xerographic plate.

strate. Since the rest of the film is almost transparent to
the diode laser wavelength, the incident light can reach
the photosensitive region with little decay. The holes
generated in the photosensitive region drift toward the
surface of the film, while the electrons drift toward the
substrate.

Figure 23 is the semi-logarithmic plot of surface
potential decay of the photoconductor. The photo-
conductor is exposed to a 92.1 ms laser pulse at about
1s, and to continuous laser light at about 3s. The
initial voltage is the potential at the time 0. The rate of
dark decay is calculated from the approximate straight
line in the semi-logarithmic plot during the period of the
first 1 s. The residual voltage is defined as the surface
potential estimated by extrapolation of the approximate
straight line to time O in semi-logarithmic plot during
the period between 12 and 15 s, when the photodecay
almost disappears. The residual voltage is, therefore, an
implicit non-decayable component in the surface
potential by exposure. Purely photoconductive decay
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can be calculated by extracting the dark decay and the
residual potential decay from the original curve. This is
shown in Fig. 23 as a corrected curve. ‘

The photoconductive film in Fig. 23 has a photo-
sensitivity of 3.6 mJ/cm? at 750 nm. This value is almost
the same as that of pure Se at 442 nm. Moreover, it has
high initial surface potential, low dark decay, low
residual surface potential and good repetition stability.

Because the photosensitive region is embedded deep
in the selenium film, the sensitivity of the film is hardly
influenced by surface scratching or wearing. This is
important for high-speed laser printing, in which
photoconductive films are sometimes required to be
used hundreds of thousands of times.

Other device applications for amorphous chalcoge-
nide photodiodes have been proposed. Yamamoto et
al.?® have shown that this film has excellent char-
acteristics for use as a contact-type linear photosensor
for facsimile. Tsukada et al.>® also have shown that it
can be deposited on a two-dimentional scanner of
silicon integrated circuits. This structure improves the
aperture ratio of solid-state imagers and is quite effective
in suppressing undesirable blooming or smearing.

The above examples show that this amorphous
photodiode can be utilized in many types of photo-
sensors, including pickup tubes and solid-state imagers.
Since large-area uniformity is one of the most remark-
able features of amorphous materials, such applications
will be promising for amorphous photoconductive
materials including both chalcogenide and hydro-
genated silicon.

§10. Conclusions

In this paper, I have tried to clarify the physical
mechanism of amorphous chalcogenide built-in-field
effect photoreceptors rather than to show data from
individual experiments. The main points I would like to
emphasize are as follows:

1) Selenium-rich amorphous chalcogenide can form
heterostructure photodiodes as well as amorphous
hydrogenated silicon. The junction formation in such
amorphous materials depends on the density of the
localized states involved. Selenium is the most clean
amorphous chalcogenide in regard to electrical char-
acteristics.

2) 1In a highly resistive photodiode structure, internal
space-charge distribution plays a very important role in
determining dynamic characteristics. Photocurrent in-
stability is almost always caused by this space charge.
However, trapped space charges, on the other hand,
can be utilized to modify the internal electric field. This
is effectively realized in built-in-field effect photodiodes.
3) Multi-layer evaporation technology has been de-
veloped to obtain graded-composition amorphous
chalcogenide films. The amorphous materials thus
deposited have almost the same physical properties as
uniformly mixed materials when the average thickness
of each elemental layer is less than 1 nm.

4) Amorphous built-in-field effect photoreceptors are
now widely used as TV pickup tube targets. Additional
uses as xerographic plates for diode-laser printers and
other solid-state sensors have been proposed.
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