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Abstract: The inversion-layer (IL) that can be induced in a silicon surface shows very good sensitivity and spectral response in the
ultraviolet (UV) region of electromagnetic radiation. As such, it is possible to use this structure as a relatively cheap radiometer for UV
radiation measurements. The fabrication process for such a device is shown to be relatively cheaper than that of a diffused pn-junction,
which is the typical design for a photocell. Hence the construction of a relatively cheap UV radiometer is possible.
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1. Introduction

The ultraviolet radiation is the high quantum energy
radiation ranging in wavelength from approximately 400
nanometers (nm) at end of the visible spectrum to
approximately 40 nm at the X-ray end. The solar UV
radiation to be discussed here is in the wavelength range of
200 nm to 400 nm. The associated energies of this type of
radiation is such that it gets absorbed by most forms of
matter including living tissue. In living tissue, such high
energy photons may excite electrons, or even eject them
from the atoms or molecules, hence causing ionization. Due
to this ionization potential, exposure to ultraviolet radiation
has been found to cause skin cancers (e.g. basal-cell and
squamous-cell carcinoma and melanoma), cataracts of the
eyes, wrinkling of the skin, suppression of the immune
system, and sunburn, in people. The high energy radiation
deranges the molecular structures of the nucleic acids DNA
and RNA and proteins, causing the above problems.

The sun is a strong source of ultraviolet radiation, but very
little of it reaches the earth; most of it being absorbed by
atmospheric gases, chiefly ozone. Therefore a depletion of
the ozone layer of the atmosphere could cause very serious
problems to life on earth.

Ozone measurements were started at British Antarctic base
at Halley Bay in 1956. The ozone level was found to fall
quite appreciableduring the months of September to
October, to about 150 Dobson Units (DU) which is about
half the normal level there. In 1983 the scientists working
with this British Antarctic survey discovered a hole in the
ozone layer over the Antarctica, which showed that the
ozone over the Halley Bay has been falling since the 1960’s
Gribbin[1]. Chehade et.al. [2], and Arblaster, J.M., [3] have
also shown this trend in the decrease in the ozone over the
period 1979-2012.

It was discovered that the ozone depleting substances were
mostly man-made, chiefly chloro-fluorocarbons (CFCs);
which are used as coolants in refrigerators and air
conditioners, and also as propellants in aerosol cans. A
majority of the refrigerant coolants contain various
combinations of chemicals such as chlorine, fluorine,
bromine, carbon and hydrogen. The chief cause of the

depletion of the ozone layer is due to the release of chlorine
from these CFCs.

The concern about the earth’s ozone depletion lead to the
signing of the Montreal protocol in 1987. This was to restrict
the production, sale and consumption of CFCs. By 1995
most developed countries had stopped the production of
CFCs.

The decrease in the ozone layer in the atmosphere, by the
compounds discussed above, can lead to an increase in the
solar ultraviolet radiation reaching the earth, thereby leading
to the very serious consequences on all life on earth as
discussed above. Therefore it is very important that the
ultraviolet radiation reaching the earth is monitored. Hence
there is need to develop low-cost radiometers with high
sensitivity in the ultraviolet spectrum.

2. Measurement of Solar Ultraviolet Radiation

Measurement of solar ultraviolet radiation at ground level is
very important, but it is limited by the steep reduction of this
radiation below the wavelength of 320 nm at ground level
due to the absorption by the ozone layer of the atmosphere.
Pyranometers which are fitted with appropriate wavelength
filters can be used to measure this radiation at ground level,
but these instruments are very expensive; typically at $2000,
without such filters. The other problem with such
instruments is their low sensitivity, typically 10 pV/W.m™
for thermopile types (for the visible range of solar radiation).
This makes such instruments unsuitable for the measurement
of solar ultraviolet radiation because this radiation is very
low, and the wavelength filters would reduce the sensitivity
even further.

Nowadays most of the instruments used for measurement of
ultraviolet radiation are based on the use of a fluorescent
phosphor, which changes the ultraviolet radiation below
about 320 nm into visible light of 400-600 nm wavelengths.
This visible light is then measured with a photomultiplier,
Frohlich [4].Eppley Laboratories of Newport, R.I., USA do
make an ultraviolet radiometer (TUVR) for the wavelength
range of 295-385 nm. This device uses a selenium barrier-
layer photocell to increase the sensitivity to about 150
uV/W.m?, and also uses a quartz widow diffuser to enhance
the cosine response [5]. But here again we find that this type
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of instrument is  very expensive, typically
US$2000.Kipp&Zonen also  manufacture ultraviolet
radiometers, their model CUVS5 total ultraviolet radiometer
costs more than US$3000, Campbell Scientific[6], and Omni
Instruments [7].

To cut down the cost of solar ultraviolet radiometry, we
need to seek a low-cost sensor. This can then be
implemented in instruments that are used to measure
ultraviolet radiation. An implicitly cheap sensor but very
sensitive to ultraviolet radiation is the silicon-inversion layer
diode.The theoretical spectral response of this device in the
UV region is fairly uniform. Its sensitivity starts to drop as
the wavelength is increased beyond the visible range, and
falls off quite sharply as the wavelength increases into the
infrared. When the radiation wavelength is greater than 1100
nm the device is almost transparent to the radiation. This is

not a problem as the device is to be used as a sensor only for
UV radiation.

3. Spectral Characteristics of pn-Junctions

The Diffused pn-junction

The sensor that is chiefly used in low-cost instruments for
visible radiation is the diffused pn junction diode. The
diffused pn junction’s sensitivity dropsas the wavelength
gets reduced into the blue region [8, 9, 10].

Series BPX65 — Typical Spectral Response
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Figure 1: Spectral response of BPX65 diffused pn-junction
photodiode [11, 12]

Therefore, the pn junction is not suitable for UV radiometry.
Techniques have been employed with the diffused pn
junction, to improve on its sensitivity in the ultraviolet range
of radiation so that the device can be employed in UV

radiometry, e.g..Vanyushin et al. [13], Wataru Kubo, et al.
[14].
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Figure 2: Structure of a diffused pn-junction(DJ)
photodiode

The structure of a diffused pn-junction photocell is shown in

figure 2, the thickness of the diffused n" layer being d. The

structure is modelled as a wvertical collection one-

dimensional device. The device is illuminated from x =0
origin. The continuity equation is thus given by
2 n —n

pan, G, ——L 1=
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for electrons in the p-region, and a similar expression for
holes in the n-region. The generation rate Gy is given by

G, =a(Dpexp(-a(D)x) @
wherea is the absorption coefficient of the semiconductor
and is a function of the wavelength A4 of the illumination,
Dash et.al [15], Rajkanan et. al [16]; and ¢ is the incident
spectral radiant-flux density.

M

If we assume low-level injection of minority carriers and a
semi-infinite substrate thickness, we can use the above
equations to find the number of carries that cross the pn
junction and contribute to the external photocurrent, J,; as
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whereL, is the hole diffusion length in the diffused n”
region, L, is the electron diffusion length in the p-substrate,
and d is the junction depth(see Fig. 2).

The Inversion-Layer (IL) pn-junction

The principle involved in the Inversion-layer photodiode is
to use the inversion layer that is induced at the silicon
surface by the charges in the oxide insulator of the oxide-
semiconductor structure, as one side of a field-induced pn
junction diode.
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Figure 3: Structure of an Inversion-layer (IL) photodiode

The fabrication process of this structure is very simple and
cheap. It involves a low-temperature growth of thermal
oxide at the silicon surface. Thus when this structure is used
as the sensor in a photocell, it will make the fabrication
process of the photocell very cheap indeed.

Using equations (1) and (2) above we can once again derive
the photocurrent density of this device to be (Gartner [18],
Brown et. al [19], Salter et al. [20]):

e—aW
S o] = Q¢{l s aLj “)
where is the width of the depletion layer at the surface of
the semiconductor. Calculated spectral characteristics of the
two structures (the diffused pn junction and the inversion-
layer pn junction) using equations (3) and (4) are shown in
figure 4. This graph is a plot of the normalized photocurrent
density (Jon /q) as a function of wavelength. It has been
plotted using the absorption coefficient data from Rajkanan
et al [16] and Terman[17]; and by making the diffusion
junction depth d equal to the inversion layer width w (i.e. d =
w), and making L, the same for both devices.
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Figure 4: Comparison of the calculated spectral
characteristics of the DJ and the IL photocells.

Figure 4 shows clearly the better sensitivity of the inversion-
layer photocell compared with the diffused junction
photocell. The higher ultraviolet photosensitivity of the
inversion layer photocell is mainly due to low recombination
losses at the surface, since normally recombination rates are
lower at a thermally oxidized silicon surface than at a
diffused surface, Salter et. al [20]. Secondly, since diffusion

induced damage is not present in the inversion layer
structure, the minority carrier lifetimes should be higher than
in the diffused junction structures, thus leading to higher
photocurrent. Salter et al. also found that the inversion layer
pn junction diode is less susceptible to lifetime and surface
recombination velocity variations than the diffued junction
diode, thus making the inversion layer structure more
effective in collecting carriers generated by ultraviolet
radiation. These superior characteristics of the inversion
layer photocell in the ultraviolet region compared with the
diffused junction photocell have been demonstrated
experimentally by Gorban et al. [21] and Gedfrey et al. [22].

4. Conclusions

In the analysis above we have shown that the inversion layer
photocell shows intrinsically that it has a very high
sensitivity in the ultraviolet radiation range, which is fairly
uniform over the entire ultraviolet range. It has also been
shown that the fabrication process of such a photocell is very
simple and cheap. We therefore conclude that the inversion
layer structure can be used as a low-cost, but very high
sensitivity sensor for ultraviolet radiation measurement. It is
much cheaper than the sensors that are used currently in UV
radiometers.
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