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Effect of Post Thermal Treatment on the Impurity Charge
Distribution of Selenium Cadmium Diode

V T INGOLE AND A A GHATOL, FIETE

and Telec

Department of El

Government College of Engincering. Amravati 444 603, India.

The paper discusses the effect of post thermal treatment on impurity charge distribution of Sele-
nium Cadmium diode. It is reported that the thermal treatment affects the impurity distribution profile
near the junction. Abrupt, graded and hyperabrupt profiles are developed by thermal treatment at 35° C,

130°C and 215°C respectively.

Indexing terms: Selenium rectifier, Metal rectifier, Thermal forming.

ELENIUM Cadmium diode, commercially known as

Sclenium rectifier, is the very first semiconductor
device reported by F Braun in 1877. The exact nature of
such semiconductor junction has been a subject of contra-
diction right from its invention. It was regarded as a
metal-semiconductor diode and later on suggested to bc a
heterojunction of n-type CdSe and p-type selenium. Like-
wise the heat treatment has been regarded as a process of
combination of Cadmium and selenium to form a cad-
mium selenide compound. In the lit the junction
has generally been referred to as an abrupt junction!'],
though it does not seem apparent. Sclenium diodes are
much more robust and known for their reliability. In cer-
tain applications such as battery chargers, electroplating
equipments, excitation systems for generators clc sele-
nium diode, due to it's self healing properties', cannot be
effectively substituted by silicon diode. Sclenium diode
can be fabricated with large junction arca thereby large
values of depletion capacitance can be casily realized. In
case of low to very low frequency tuning applications,
such parameter of selenium diode could be effectively ex-
ploited, however it is desirable for such devices to have
hyperabrupt impurity profile.

The present study reports the effect of thermal treat-
ment on the impurity distribution. It is known that diffu-
sion depends on thermal treatment and perhaps change the
impurity distribution, hence devices are fabricated with
vacuum deposition technique with inter facial insulation
layer and treated at different temperature for the present
study.

FABRICATION

The selenium rectifier structure, fabricated generally
as described in'¥ for this work is as shown in Fig 1. One
micron thick bismuth is vacuum deposited on the rough-
ened side of aluminium base plate. Approximately 50 mi-
cron thick selenium, doped with 200 ppm chlorine (in the
form of selenium tetrachloride) is vacuum deposited on
the bismuth layer. The inter-layer bismuth provides an
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ohmic contact. The surface of selenium is coated by a uni-
form layer of lacquer, by using a solvent spray technique.
Lacquer consists of a solution of organic insulating mate-
rials in volatile solvents. The amorphous selenium is then
subjected to a crystallization by heat treatment. The sub-
stratc is kept at a room temperature and a layer of tin-cad-
mium alloy (melting point 177°C) of approximately 60
micron thick is coated on selenium by hot metal spray
technique to form a rectifying junction. In the device the
selenium side acts as an anode and cadmium side acts as a
cathode or a counter electrode. Devices cach of an area of
1 sq cm are fabricated in batches for the present study and
selected for further treatments by dividing the devices in 5
groups.

The selection of thermal treatment is decided on the
diffusion process as it is known to depend on treatment
time, temperature and melting points (MP) of the elc-
ments.

One group is not given a post thermal trcatmeni and
studied at 35°C room temperature (35/0), the second
group is treated below the melting point of cadmium alloy
and selenium (MP 217°C) at 130°C for 90 minutes (130/
90). The third, fourth and fifth groups are treated at
215°C, at which Cd alloy is in molten state and Se is near
to its melting point, for 30 minutes (215/30), 60 minutes
(215/60) and 90 minutes (215/90) respectively and coded
as per the bracketed numbers respectively.
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Fig | Cross section showing the layer structure of selenium

cadmium diode
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MEASUREMENTS AND RESULTS

In order to improve the diode performance, under re-
verse bias condition, it is necessary to “form” the device
by passing rectified alternating current in the reverse di-
rection for a number of hours, such that when the reverse
characteristic improved, the applied voltage is increased
till such time after which there is no further decrease in
the reverse bias currentl®. Measurements on the devices
are carried out before forming and after forming.

It is noted that the forming time generally decreases
with higher treatment temperature and duration.

Incremental depletion cap e C, and incr |
shunt resistance R, measurements of the devices are car-
ried out with the help of a capacitance bridge before
forming and also after forming, for different reverse bias
voltages (V). Due care is taken to complete the measure-
ment in a shortest possible time to avoid dc creep in the
devices.

Following observations are made on formed devices.
C,versus V,_is plotted in Fig 2. It is observed that C; con-
tinuously decreases with increase in V, for all devices. It
is further observed that the change in C, is lowest for
130°C temperature treatment (130/90) and highest for
215°C (215/90).

In order to find out impurity distribution and C, a
power law distribution is assumed as suggested by
Norwood in'*), which is given as,

N, = impurity density,
N, = impurity densitiy at x =0, and
m = grading exponent,

andC, = A, (gN,e™*'/[(m+2)(V,+ V)]}Am+2) (2)
where A = area of junction,

q = charge on electron,

V, = diffusion voltage,

V, = reverse-bias voltage, and

€ =¢€, € =dielectric permittivity.

S is known as a sensitivity factor or capacitance expo-
nent'™ % and is equal to the gradient of the curve between
InC, and In (V,+V,) and expressed as,

S=-d[In(C)l/d[In(V,+V)] 3)
Equations (2) and (3) yield,
S=1/(m+2) 4)

In order to find out the values of S for different devices,
In(C)andIn (V#+ V) are calculated from Fig 2 and plot-
ted in Fig 3. It is observed that the relations are nearly lin-
ear for all devices and gradients are found out to be nearly
0.5, 0.33, 1.0 for 35/0, 130/90 and 215/90 respectively.
From values of S, impurity exponent m are calculated
using eqn (4) and tabulated in Table 1.

Mathematical relation between the C, and V, is ob-
tained by combining equations (2) and (4) as:

Nx= Nx" () C=A([SqN, ") AV,+V)) 5)
where x> 0, or
x = distance measured from the junction, (1/C)S=A{[1/[SqN, €9 ]} (V,+V) (6)
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Fig 2 Relation b depleti e C, and reverse bias voltage at different thermal treatment
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Fig3 Log-Log plot of depletion layer capacitance versus reverse bias voltage at different th |

sensitivity factor

To find out the diffusion voltages (V) for different de-
vices, values of (lICI)"‘ are calculated from Fig 2 and
Table 1; and plotted against V, in Figs 4, 5, 6. It is ob-
served that the plots are linear. V, for device is obtained
by interpolating the plot on abscissa and tabulated in
Table 1.

In order to find out the impurity distribution from
C-V plot, following method as described in ") is used,
where the charge impurity (for single sided junction and
depletion region assumption), is given by,

N, =21 Ci’ /(g, €)] (dV,/dC) (@]

and W = €lC (8)
where W, _= position from the junction.

Values of N, and W, are calculated from Fig 2 for dif-

Table 1 Effect of thermal treatment on various device

The slope indi the

ferent devices and plotted in Fig 7. The juriction type and
impurity density, as observed from the plots are tabulated
in Table 1. It is apparent from the plots that at 35°C the
device junction is abrupt, at 130°C the device junction is
linearly graded and at 215°C device junction becomes
hyperabrupt. It is further observed that at 215°C treat-
ment, the N, close to junction increases with treatment
time, however at W_> 0.8 micron it appears to converge
to N, =0.5 x 10" without any apparent change.

It is also observed that the major changes in N, occur
up to 1 micron depth. The comparison of N, at 35°C,
130°C and 215°C treatment evolves peculiar patterns if
observed at W_= 0.3 micron and also at 0.8 micron. It is
apparent that at W, = < 0.3 micron, N, initially reduces
due to increase in temperature from 35°C (35/0) to 130°C
(130/90), but on the contrary starts increasing from 130°C
(130/90) to 215°C (215/30). Such change is quite opposed
to normal diffusion process, since there should have been
a further decrease in impurity density as per N, = ND - NA
(where ND is donor and NA is acceptor impurity). How-
ever at W_= 0.8 micron, N, reduces with increase in tem-
perature for all devices which appears to be normal. This

ggests that, perhaps due to intimate contact between
molten cadmium and selenium, some typical phenom-
enon, at 215°C might be dominating N, distribution close

In order to find out the relation of depletion width
(W,) against V_, values of W, are calculated from eqn (8),
where W_(max) = W,, and plotted in Fig 8. It is observed
that at V, = 0V, W, is highest for (130/90) and lowest for
(

parameters
Device 35/0 |130/90 | 215/30 | 215/60 |215/90
Capacitance
exponent ‘S’ 0.5 033 08 0.95 1.0
Impurity
exponent 'm' 0 +1 -0.75 | 093 | -1.0
V, (valt) 075 | 05 0.65 0.6 | 055  tojunction.
N, x 10 2.85 3 12 20 25
Elect.
Forming Hrs. 24 20 4 3.25 25
s 2 3 approximately equal to 1
Junction abrupt_ | graded hyperabrupt

35/0). It is further observed that W, increases
superlinearly for (215/30) and sublinearly for (130/90).
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Fig 5 1/C;" plot against reverse-bias voltage for 130/90 linearly graded device for finding diffusion voltage

The W, curves for the devices, treated at 215°C, appear to
converge at W,> | micron.

Experimental R, for V, at different thermal treatment
is plotted in Fig 9. It is observed that the variations of R 4
with V, is super linear at low V, and sub linear at higher
V,. However R, for different devices appears to decrease
with increase in treatment temperature. R, is observed to
be highest for (35/0) and lowest for (215/90).

Treatment duration at 215°C appears to cause a de-
crease in R, contrary to an increase in C, as observed
Figs 9 & 2 in (215/30), (215/60) and (215/90) devices
characteristics. This may be attributed to the enlargement

of junction contact area at Se-Cd interface due to “wet-
ting™ of microscopic surface structure.

From dimensions of the depletion region, C, and R,
can be calculated by assuming single sided junction and
an abrupt transition between the depletion region and the
adjacent neutral layer, and can be expressed as,

C=€AlW, ®
andR,=(1/0) W,/A (10
By combining eqn (9) & (10) we get,

o=€/C R, (1

where = conductivity of the region.
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Fig 7 Impurity charge distribution near the junction for various devices as a function of di

Conductivity ¢ is calculated from eqn (11), by using
C,and R values from Fig 2 & Fig 9 for V, and plotted in
Fig 10. It is observed that o increases with V and appears
to be lowest for 35/0 and highest for 215/90. It is known
that conductivity depends on the mobility and density of
mobile charges, and drift velocity as well as excess mobile
charges both depend on the electrical field. This implies
that the mobile charge density.is a function of thermal
treatment and V,. The increase in mobile charges due to
thermal treatment may be attributed to higher diffusion of
metallic impurities (point defects) in selenium lattice. The
increase of o due to increased V, may be attributed to

from the j

higher generation of mobile charge carriers due to field.

It is known that the reverse-bias or leakage current (/)
depends on the material and excess mobile charge genera-
tion centers in the depletion region. Number of such cen-
ters is proportional to depletion width which is again a
function of voltage. The diode current can be expressed,
as given in!® as

I, =1,lexp(Vg/aKD-1) 12
andl, = qAniW,/21, 13)

where V = voltage across the depletion width,
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Fig 8 Effect of thermal treatment on the depletion region width (W,) as a function of reverse bias voltage

120

100 }-

INCREMENTAL SHUNT RESISTANCE Rd (K Ohm)
2
T
.

0 i i

o '.“M 5 Eg/go
_,,2_\~_t__ s

0 1

Fig 9 Variation in the i | shunt

ni = intrinsic electron concentration

1, = I,,=generation currentat V=-V,,
T, = carrier lifetime,

T = absolute temperature in Kelvin, and
K = Boltzman constant

ForV =-V and V,>4KT/ g, the eqn (13) reduces to
vV =-1
gen

r

Value of / is calculated from reverse bias voltage V, and
shunt resistance R, as given by,

1=V IR,
and plotted in Fig 11.

(14)

k) 4 s o

2
REVERSE-BIAS VOLTAGE Vr (volt)
(R,) against reverse bias voltage due to thermal treatment at different temperatures

It is observed that / increases linearly with V,,-and ap-
pears to follow eqn (13) for all devices. This further sug-
gests that / is due to generation effect and not by thermal
diffusion.

Effect of electrical forming on impurity distribution

Capacitance exponent S for all devices, is calculated
from eqn (2) using C, values against V_, for before form-
ing (BF) and after forming (AF) and plotted in Fig 12.
From the comparison of the plots there does not appear to
be much change in the values of S at different thermal
treatment, indicating that process of electrical forming
may not change the ionized impurity distribution’of the
devices, which is also reported elsewhere!”).
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The effect of thermal treatment on electrical forming
duration

In Table 1, average forming time is shown, in hours, at
8mA/sq cm forming current, required for various devices.
It is apparent from the results that the electrical forming
time decreases with thermal treatment.

DISCUSSION

The effect of thermal treatment is known to influence
the diffusion near the junction where the impurity density
is given by the density difference of donor and acceptor
(ie., N, = ND - NA). A very shallow diffusion of cad-

mium in uniformly doped selenium can be approximated
by a one-sided abrupt junction !®.. In the present study, the
35/0 device which is treated at room temperature, leads to
a diffusion which is apparent to be close to the interface
thus creating an abrupt junction as shown in Fig 7.

When a junction is treated at higher temperature, it
causes a higher and decper diffusion leading to a graded
distribution on semiconductor side and exponential distri-
bution towards the metal side!® %), Impurity is observed to
be reducing further by 215°C treatment at W, > 0.8 mi-
cron. From these observations it appears that the diffusion
process is apparently.involved in Se-Cd and junction be-
haves like a diffused junction.
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Fig 12 Comparison of the variation of capacitance exponent, before forming and after forming, against revese-bias voltage for

differcnt thermal treatments

A non-linearity of 1/C? versus V, has ofien been ob-
served on polycrystalline selenium diode and has been
suggested to be due to spreading of the space charge zone
completely across the CdSe layer, causing a “knee” in the
plot. The initial slope is reported to be due to CdSe and
after the knee to the selenium as referred to by
Champness in?. However from the present study such
nonlincarity in the plot is attributed to the wrong pre-
sumption of the impurity distribution. To ascertain V,,, it
has been shown that 1/C? versus V, plots are not appli-
cable to all distributions and exponent of C; needs to be
changed to 3 and 1 for graded and hyperabrupt distribu-
tion to get linear plots.

At 215°C treatment a notable deviation in impurity
distribution is observed which does not appear to be ac-
cording to normal diffusion process. However this effect
appears to be some what similar to the hyperabrupt device
referred to in'l, wherein hyperabrupt profile is achieved
by “surface trick”. It appears that the surface structure of
polycrystalline selenium layer crcated by the present pro-
cess may not be perfectly smooth at microscopic level
owing to surface irregularity, grain boundaries or other
defects. At 215°C temperature, the molten Cd being in in-
timate contact, might be spreading by “wetting” process.
It appears from the observations of C, & R, that the sur-
face contact area at Se-Cd interface may be getting en-
larged more and more with the treatment duration till
there is total coverage of surface irregularity, being lim-
ited to a smaller depth.

From the present discussion and obscrvations it ap-
pears that selenium and cadmium diode can be fabricated
to have different charge profiles by suitable temperature

to the present device where by treatment at 215°C, ca-
pacitance exponent to the tune of 1 can be achieved. Fur-
ther work needs to be done to increase the exponent
value, perhaps, by suitable surface treatment of selenium.

Further to the findings of the same authors''%, it is ob-
served that clectrical forming does not change the impu-
rity distribution irrespective of its profile.

CONCLUSIONS

The thermal treatment changes the impurity distribu-
tion from abrupt at room temperature to graded at 130° C,
and further to hyperabrupt at 215°C with capacitance ex-
ponent of 0.5, 0.33 and 1.0 respectively. The duration of
thermal treatment at 215°C appears to enlarge the surface
contact area due to higher wetting of the molten Cadmium
at Cd-Se interface thus creating a hyperabrupt profile. The
capacitance exponent could possibly be increased to more
than 1, by suitable surface treatment, however it requires
further investigation. The electrical forming does not af-
fect the immobile impurity distribution and forming dura-
tion depends on the preceding thermal treatment.
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