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The detection of ultraviolet (UV) radiation is of importance in
many applications in science, industry, and medicine, such as
flame and spark detection, communications, UV dosimetry of
industrial processes such as UV-initiated photopolymeriza-
tion reactions, and sterilization of equipment and water. The
UV light spectrum is generally considered to comprise wave-
lengths from 10 nm to 400 nm. These wavelengths are tradi-
tionally subdivided into several ranges, given in Table 1. Pho-
todetection of ultraviolet light within these ranges poses
specific challenges in terms of the fabrication and engineering
of photodetector devices and the development of appropriate
materials. An excellent review (1) of all types of photodetec-
tors, including ultraviolet-sensitive photodetectors, has been
published recently. A detailed review (2) of ultraviolet- and
X-ray-sensitive detectors that addresses both imaging and
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Table 1. Ultraviolet Light Nomenclature

UV Region Wavelength Range (nm)
Near UV 400-300
Mid UV 300-200
Far UV 200-100
Extreme UV 100-10
UVA 400-320
UVB 320-280
UvCe 280-100
Deep UV 350-190
Actinic UV 315-200
Vacuum UV 200-10

nonimaging systems has also been recently published. This
article discusses the current commercially available technolo-
gies for nonimaging UV photodetection applications. In addi-
tion, in view of the fact that UV photodetection is an active
and important field of research, emerging technologies are
also briefly discussed. The article is divided into two sections,
the first addressing UV detection with semiconductor photo-
diodes and the second covering UV detection with photoemis-
sive phototubes.

SEMICONDUCTOR ULTRAVIOLET PHOTODETECTORS

Semiconductor detectors, used in either the photoconductive
or photovoltaic modes, are widely used photoelectric detectors
of ultraviolet light. Razeghi and Rogalski (3) have recently
published a comprehensive review of ultraviolet-sensitive
semiconductor detectors that describes in detail the theory
and operation of each different type of detector. Semiconduc-
tor detectors are attractive due to their small size, simple op-
eration, and relative low cost, and, for many applications, pro-
vide stable, linear detection of ultraviolet light over a wide
dynamic range of incident powers. Silicon traditionally has
been the most widely used semiconductor material for the
fabrication of ultraviolet-sensitive photodetectors; however,
its use is limited by radiation-induced aging effects, problems
arising from the strong absorption of UV light, and an inabil-
ity to operate at elevated temperatures. Si photodetectors are
also much more sensitive to visible and near-IR light than to
UV light. However, silicon wafer processing technology is
quite advanced and Si photodetectors have been engineered
with features designed to enhance the ultraviolet light sensi-
tivity. The most widely used UV enhanced device structures
are junction photodetectors, including, for example, shallow
diffused p—n junctions and Schottky barriers. In this section
we will discuss the characteristics and relative merits of shal-
low diffused p—n junction and Schottky barrier photodiodes,
fabricated using a number of materials, including silicon and
several wider-band-gap materials such as silicon carbide
(SiC), III-V nitrides (GaN, AlGaN) and III-V phosphides
(GaAsP, GaP). Wide-band-gap materials are better suited in
many ways than Si for UV photodetection. For example, wide-
band-gap photodetectors exhibit improved radiation hard-
ness, better resistance to temperature and harsh chemicals,
and improved wavelength selectivity (visible blind operation).
Consequently, the development of wide-band-gap materials
and their application in photodetection is an active area of re-
search.
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Figure 1. Spectral response of a standard p-n junction Si photo-
diode.

Silicon p-n Junction Photodiode

Photodiodes fabricated using p—n junctions in silicon have
been the most widely used photovoltaic detectors for ultravio-
let photodetection. Silicon photodiodes exhibit good responsiv-
ity, on the order of 0.1 to 1 A/W, over the entire visible and
near-IR spectrum. Although the UV response in a standard
p—n photodiode is significantly lower than the peak response
in the near-IR region, photodiodes are manufactured that ex-
hibit enhanced blue and UV response. Due to the broad spec-
tral response, if visible blind operation is desired, the incident
light must be spectrally filtered to remove the visible and
near-IR wavelengths. The typical spectral response for a Si
p-n junction is shown in Fig. 1, exhibiting a peak at ~900
nm and a broad long-wavelength cutoff extending beyond
1100 nm, due to the indirect nature of the Si band gap. The
response in the UV region is essentially zero for wavelengths
shorter than ~300 nm. The construction of a typical silicon
p-n junction photodiode is shown in Fig. 2. In this example,
a single-crystal, high-purity, n-type silicon substrate is doped
with a material, such as boron, to form a thin p layer on one
surface. The p layer may be formed by thermal diffusion or
ion implantation of the boron to depths of ~1 um or less. The
interface between the p-doped Si and the n-doped Si com-
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Figure 2. Schematic of a typical p—n junction Si photodiode.
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prises the p—n junction. P-n junction photodiodes operate by
the absorption of light in the bulk of the semiconductor. In
the figure, light is incident on the surface with the diffused p
layer. Since Si has a high absorption coefficient, particularly
for blue and UV wavelengths, the p layer at this surface must
be thin enough to permit good interaction of the light with
the bulk semiconductor near the p—n junction. The absorption
of light creates electron-hole pairs that are subsequently sep-
arated by the electric field of the p—n junction. The electrons
move toward the n layer and holes move toward the p layer.
The notation p* and n* designate heavily doped p and n lay-
ers, respectively. Such layers have high conductivity and are
used to ensure good electrical contact between the semicon-
ductor and the metal conductor. The open-circuit voltage gen-
erated by the photoinduced charge is extremely linear with
respect to the intensity of the light. If the anode and cathode
of the photodiode are connected across a resistive load, this
internal charge migration is measured externally as a pho-
tocurrent that is similarly found to be linear with the light
intensity over a wide dynamic range. The operation of p—n
junction photodiodes in this zero-bias photovoltaic mode is
used for applications requiring the greatest sensitivity; how-
ever, increased speed and linearity can be attained by
applying a reverse bias (the photocurrent remains the same).
The reverse bias reduces the capacitance of the device,
thereby decreasing the RC time constant and improving the
temporal response of the photodiode. However, the bias also
increases the dark current, resulting in an overall reduction
in sensitivity. There is therefore a trade-off between sensitiv-
ity and speed in an ordinary p—n junction photodiode.

For the specific application of ultraviolet light detection
the p—n junction photodiode must be optimized in a number
of ways to enhance the quantum efficiency of the device to UV
light and to avoid the loss of carriers to nonradiative recombi-
nation processes, particularly at surfaces and interfaces. The
quantum efficiency is defined as the number of electron-hole
pairs per incident photon that are generated and which are
subsequently separated by the electric field of the p—n junc-
tion before recombination occurs. High quantum efficiency re-
quires that the incident light be able to penetrate into the
bulk of the semiconductor material to generate carriers near
the junction. Due to the high absorptivity of Si the penetra-
tion depth of light is very small and standard Si photodiodes
are fabricated with a relatively thin layer, ~1 um or less, of
doped material on the surface upon which the light is inci-
dent. Figure 3 shows the absorption coefficient of Si as a func-
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Figure 3. Absorption coefficient of Si as a function of wavelength for
UV, visible, and near-infrared wavelengths.

tion of wavelength (4). For the wavelength range from 10 nm
to 400 nm the absorption length is everywhere less than 100
nm and reaches a minimum value of 3 nm at a wavelength of
~300 nm. Thus, the quantum efficiency in the UV region is
reduced, even for submicrometer-thick layers, because of the
exceptionally strong absorptivity at these wavelengths. Obvi-
ously, the thickness of the doped layer must be kept as thin
as possible to enhance the UV response. It follows that the
shallow p—n junction lies very near the surface of the photodi-
ode. Because of the high doping levels typically used and the
close proximity of the charge carriers with the surface, nonra-
diative recombination of carriers can cause a significant loss
of quantum efficiency. In order to minimize the probability of
carrier recombination the surface can be passivated with a
thin coating of a material such as silicon dioxide. This oxide
coating is also intended to protect the photodiode surface from
moisture, chemicals, and scratches and serves as an antire-
flection coating to reduce incident light losses. Control of the
thickness and quality of the oxide coating is important for
optimizing the UV response. The quality of this coating and
the nature of the interaction at the interface between the
coating and the semiconductor are largely responsible for
aging effects that have been observed in the UV response of
Si photodiodes. This has been a significant problem for Si pho-
todiodes, with extended UV exposure, even at low power, ca-
pable of causing substantial degradation in the response (5—
7). The quantum efficiency of a Si photodiode decreased (5)
from an initial value of 27% to less than 8% when illuminated
with 10 photons/(s- mm?) at 124 eV for less than 30 min.
UV-enhanced Si photodiodes having superior stability as well
as high quantum efficiency (8,9) were manufactured by diffus-
ing arsenic or phosphorus in a thin, highly doped layer on p-
type Si. The superior characteristics of the photodiodes were
attributed to the n on p construction and careful control of
the quality and thickness of the oxide coating. These photo-
diodes have been further improved more recently (10,11) by
nitriding the oxide layer to yield an oxynitride layer that pos-
sesses significantly improved radiation hardness and resis-
tance to moisture. Because of the ruggedness of the 60 A thick
oxynitride layer and the virtual absence of nonradiative re-
combination at the oxynitride/silicon interface, the photo-
diodes possess high quantum efficiency with exceptional long-
term stability. The same photodiodes, with the responsivity
calibrated as a function of wavelength in the vacuum UV, are
available from the National Institute of Standards and Tech-
nology (NIST) as transfer standard detectors. A schematic of
the photodiode is shown in Fig. 4 and the wavelength depen-
dence of the responsivity is shown in Fig. 5.

To summarize, UV-enhanced Si photodiodes are widely
used for UV photodetection because they can be manufac-
tured using well-established wafer-scale processing methods
and they are relatively inexpensive. They are commercially
available from a number of manufacturers (12). However,
their response in the UV region is much smaller than their
response in the visible and near-IR regions so that if solar
blind operation is required, then optical filters, such as col-
ored glass filters and dielectric coated band-pass filters, must
be used with the photodiode to block the longer wavelengths.
In addition, the quantum efficiency in the UV region can vary
significantly with wavelength due to the rapidly varying ab-
sorption coefficient of Si at UV wavelengths, the related prob-
lem of nonradiative recombination losses close to the surface
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Figure 4. Schematic of a state-of-the-art UV-enhanced Si photodi-

ode. (Courtesy of the Physics Laboratory, National Institute of Stan-
dards and Technology.)

due to the short absorption lengths and because of the finite
probability of creating more than one electron-hole pair per
UV photon. Finally, when choosing a Si photodiode, the sta-
bility of the UV response with age and with accumulated UV
exposure is an important consideration.

GaP and GaAsP Schottky Photodiodes

The second semiconductor photodiode architecture that is
well suited for UV photodetection applications is the Schottky
photodiode. In the diffusion-type p—n junction photodiode,
discussed above, the depletion layer is formed between the
p-doped and n-doped layers of the semiconductor while in a
Schottky photodiode the depletion layer is formed at the in-
terface between the semiconductor and a thin layer of metal,
such as gold or platinum. Since the photosensitive region is
located nearer to the surface, the Schottky barrier photodiode
is capable of superior short-wavelength detection than the
p-n junction if the material is highly absorbing. A schematic
of a Schottky barrier photodiode is shown in Fig. 6. In this
figure a thin layer of gold is deposited on an n-type substrate.
The gold layer is thin enough, typically about 10 nm, to per-
mit ultraviolet light to penetrate into the semiconductor
layer. Photogenerated electron-hole pairs are collected in the
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Figure 5. Spectral response of UV-enhanced Si photodiode. (Cour-
tesy of the Physics Laboratory, National Institute of Standards and
Technology.)
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Figure 6. Schematic of a typical Schottky barrier photodiode.

depletion layer near the metal/semiconductor interface and
are separated by the depletion layer field, giving rise to an
external photocurrent, just as in the case for the p—n junction
photodiode. Schottky barrier photodiodes are relatively sim-
ple to fabricate compared to diffused junction photodiodes,
since the junction is formed by the deposition of a single thin
layer of metal on the semiconductor surface. The spectral re-
sponse of the resulting photodiode depends on the response of
the semiconductor. Ultraviolet sensitive Schottky photodiodes
have been fabricated using Si, however, it was found that the
quantum efficiency degraded with exposure in a manner es-
sentially identical to that observed for p—n junction Si photo-
diodes (5). Commercially available (13) alternatives to Si pho-
todiodes include GaP and GaAsP Schottky-type photodiodes.
These photodiodes are manufactured using a thin layer of
gold on an n-type semiconductor substrate. The stability of
GaP and GaAsP Schottky photodiodes is superior to that of
Si photodiodes, and it has been shown that (5) the quantum
efficiencies of the GaP and GaAsP Schottky photodiodes re-
main constant over time with UV irradiation. Both GaP and
GaAsP photodiodes have good sensitivity throughout the en-
tire UV region and are more resistant to radiation damage
than Si photodiodes. The spectral responsivity of a GaP
Schottky photodiode is shown in Fig. 7. Since GaP and GaAsP
are wider-band-gap materials than Si, they offer greater se-
lectivity in the wavelength response. GaAsP photodiodes ex-
hibit a peak response at ~600 nm and a relatively sharp cut-
off at ~680 nm, while the peak of the response for GaP is
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Figure 7. Spectral response of a GaP Schottky barrier photodiode.
(Courtesy of Hamamatsu Corporation.)
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~450 nm, with a cutoff at ~550 nm. Although the quantum
efficiencies of the GaP and GaAsP photodiodes are lower than
the quantum efficiency for Si photodiodes, the spectral re-
sponsivities of GaP and GaAsP in the ultraviolet region are
smoothly varying functions of wavelength. This is in contrast
to the responsivity of Si, which exhibits abrupt excursions
throughout the UV region due to multiple photon ionization.
The rise time of the temporal response of the GaP and GaAsP
Schottky photodiodes is significantly longer than that of a
p-n junction photodiode, ranging from 5 us to 50 us for photo-
diodes having active areas that range from 1 mm X 1 mm to
10 mm X 10 mm, respectively. This is because the capaci-
tance of the Schottky barrier photodiodes are significantly
larger as a result of the extremely thin depletion layer. The
surface barrier structure also leads to higher dark currents in
the GaP and GaAsP photodiodes compared to Si photodiodes.

Wide-Band-Gap Materials

The semiconductor photodetectors discussed thus far have
differed with respect to the substrate material and the nature
of the barrier that separates the photogenerated carriers. In
all cases the responsivity of the photodiode was greater in the
visible and near-IR regions than in the ultraviolet region. For
many applications it is desirable for a photodetector to exhibit
high responsivity to ultraviolet wavelengths and negligible re-
sponsivity to visible and near-IR wavelengths (greater than
400 nm). This kind of operation is often referred to as visible-
blind detection. Solar-blind detection is a class of visible-blind
operation having even more stringent wavelength require-
ments, exhibiting high responsivity to only those wavelengths
less than 290 nm. Solar blind operation is impossible to
achieve using Si photodetectors without the use of filters such
as UV-transmitting—visible-blocking colored-glass filters usu-
ally in combination with dielectric-coated band-pass filters.
The use of these spectral filtering techniques, however, im-
poses certain restrictions on the operation of the resulting
photodiode-filter assembly. Most band-pass filters are made
by combining dielectric stack interference filters with addi-
tional colored-glass or metal-film blocking filters. While these
band-pass filters offer some flexibility in the specification of
the center wavelength (or edge wavelength) and the width of
the band, the overall transmission off-band cannot be reduced
to a value less than 107* without seriously degrading the
transmission within the band. In addition, the transmission
characteristics of interference-type filters are extremely angle
dependent and often can accept only a small field of view.
Colored-glass filters by themselves are not capable of re-
jecting both visible and near-IR wavelengths and their trans-
mission in the ultraviolet degrades as the glass ages. For
these reasons the field of solar-blind photodetection is an ac-
tive area of research and development. In particular, the de-
velopment of photodetectors manufactured using wide-band-
gap materials (direct and indirect) offers the potential for de-
veloping true solar-blind detectors that have negligible visible
and near-IR response. In addition to superior spectral selec-
tivity, wide-band-gap materials exhibit superior physical
properties compared to Si, such as higher thermal conductiv-
ity, better radiation hardness and durability, and greater re-
sistance to dielectric breakdown. These properties permit the
use of wide-band-gap photodetectors in environmentally de-
manding applications that require resistance, for example, to

high temperature, high voltage, or high incident power. The
wide-band-gap materials that have received the greatest scru-
tiny for UV photodetector applications are silicon carbide
(SiC), III-V nitrides, such as gallium nitride (GaN), and dia-
mond. Silicon carbide and the III-V nitrides are discussed
later. Diamond is potentially an ideal solar-blind detector be-
cause of its wide band gap (5.5 eV), low electrical conductiv-
ity, and chemical inertness. Natural diamond has been used
previously, with significant restrictions and limitations, as a
photoconductive detector for ultraviolet and ionizing radia-
tion. More recently, the growth of polycrystalline diamond
films by chemical vapor deposition methods has raised sig-
nificant anticipation for the development of diamond-based
UV detectors. However, high-quality undoped and n-doped di-
amond films have proven difficult to prepare. Structural de-
fects in the polycrystalline films are responsible for defect
states that can generate an unwanted subgap photoresponse.
Diamond UV detectors will not be discussed in detail and the
interested reader is referred to the literature (14—17) for the
latest developments in diamond materials research and dia-
mond UV detector device development.

Silicon Carbide. Hexagonal, crystalline silicon carbide (6H-
SiC) is a wide-band-gap (2.9 eV at 300 K) semiconductor that
absorbs UV light, but is essentially transparent to IR and vis-
ible light. The strength of the Si—C bond (bond energy ~5 eV)
provides the material with superior resistance to high tem-
peratures, chemicals, and mechanical shock. The width of the
band gap results in low dark currents, even at elevated tem-
peratures, thereby permitting sensitive photodetection under
widely varying environmental conditions. While the device
fabrication techniques for SiC materials are not as mature
as those for Si fabrication, recent progress has yielded good-
quality, bulk 6H-SiC single crystals that are used as sub-
strates for the subsequent deposition of epitaxially grown p-
type and n-type layers (18). Both p—n junction and Schottky
barrier SiC photodiodes have been reported (19-23). High-
quality p-n junction SiC photodiodes are commercially avail-
able as a chip (18,21) or packaged within a fixture (24,25). A
schematic of the photodiode is shown in Fig. 8. A wafer of p-
type 6H-SiC is used as the substrate and an epitaxial junc-
tion is fabricated by first growing an aluminum doped p-type
layer followed by a nitrogen-doped n-type layer. The respon-
sivity of the photodiode depends on the degree of doping and
the thickness of these layers. A mesa is patterned and etched
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Figure 8. Schematic of a typical 6H-SiC photodiode. [Courtesy of
Cree Research, Inc. Reprinted with permission from Phys. Status Sol-
idi A, 162, 481, 1997. Copyright 1997 Wiley-VCH Verlag.]



using reactive ion etching. The typical size of the mesa varies
from 0.09 mm? to 9 mm?2 A 50-nm-thick silicon dioxide layer
is used to passivate the surface. A cross-shaped Al contact
covers less than 2% of the area of the mesa. A scanning elec-
tron microscope (SEM) micrograph of the SiC photodiode is
shown in Fig. 9. Although the absorption length of UV light
in SiC is greater than it is in Si, the responsivity of the SiC
photodiode is improved by limiting the thickness of the n*
layer to ~0.1 wm. The responsivity and quantum efficiency
of the SiC photodiode are shown in Fig. 10 as a function of
wavelength at several temperatures. The spectral response
curves are smoothly varying functions of UV wavelength from
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Figure 10. Spectral response of a typical 6H—SiC photodiode at sev-
eral temperatures. Open squares: 223 K; diamonds: 300 K; circles:
498 K; and solid squares: 623 K. The peak quantum efficiency (QE)
varies from 82% to 96% as a function of temperature. [Courtesy of
Cree Research, Inc. Reprinted with permission from Phys. Status Sol-
idi A, 162, 481, 1997. Copyright 1997 Wiley-VCH Verlag.]
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Figure 9. SEM micrograph of a typical 6H-SiC photo-
diode. [Courtesy of Cree Research, Inc. Reprinted with per-
mission from Phys. Status Solidi A, 162, 481, 1997. Copy-
right 1997 Wiley-VCH Verlag.]

200 nm to 400 nm, exhibiting peaks at ~275 nm to ~300 nm,
with corresponding maximum quantum efficiencies ranging
from 80% to 100%. The response curves shift to lower energy
with temperature due to the shift in the band gap with tem-
perature from ~3.03 eV at 223 K to ~2.88 eV at 623 K. The
dark current, as expected, is quite low in these photodiodes.
Figure 11 shows the reverse-bias dark-current density versus
voltage as a function of temperature for a SiC photodiode hav-
ing an active area of 0.04 cm? At a typical operating bias of
—1.0 V, the dark current at 473 K is ~10™1 A/em? Extrapo-
lated to room temperature, this corresponds to an extremely
low dark-current density of ~2 X 107 A/cm? at a reverse
bias of —1.0 V. Comparing the performance of the SiC photo-
diode to a UV-enhanced Si photodiode, we find the SiC pos-
sesses a number of advantages. First, the response of SiC
peaks near 300 nm and falls dramatically after 400 nm, while
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Figure 11. Dark current density of a typical 6H-SiC photodiode as
a function of reverse-bias voltage at several temperatures. Squares:
473 K; diamonds: 523 K; circles: 573 K; and triangles: 623 K. [Cour-
tesy of Cree Research, Inc. Reprinted with permission from Phys. Sta-
tus Solidi A, 162, 481, 1997. Copyright 1997 Wiley-VCH Verlag.]
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that of Si peaks near 900 nm and extends to ~1200 nm.
Therefore, for many applications, blocking filters are not re-
quired to eliminate unwanted visible and near-IR wave-
lengths in SiC while they are critical in Si. The responsivity
of the SiC photodiodes is ~0.2 A/W to ~0.25 A/W near 300
nm, about the same or even greater than that of UV-enhanced
Si photodiodes at the same wavelength. SiC photodiodes can
operate with low noise at significantly higher temperatures
than Si photodiodes and provide greater long-term radiation
resistance and stability than do Si photodiodes. (The ability
to operate at high temperatures depends also on the limita-
tions of the package that houses the semiconductor material
and provides for electrical connections.) Recently, a thin-film
photodetector utilizing amorphous SiC was reported (26). The
photodetector was a p—-i—n structure made of hydrogenated
amorphous Si and SiC in a sandwich configuration on a glass
substrate. A schematic of the photodetector is shown in Fig.
12. Photogeneration of carriers due to UV light absorption oc-
curred only in the o-SiC:H p layer, so the device exhibited
good wavelength selectivity in rejecting visible and near-IR
light. The primary advantage of this technology is the poten-
tial for fabricating low-cost, large-area arrays of photodiodes
on a wide variety of substrates.

II-V Nitrides. Wide-band-gap materials that have been in-
tensively studied in recent years are the III-V nitrides, in-
cluding, in particular, gallium nitride (GaN), aluminum ni-
tride (AIN), and alloys of the two, Al,Ga; N (0 = x = 1). GaN
and AIN are direct-gap materials with band gaps of 3.4 eV
and 6.2 eV, respectively, at 300 K. The band gaps of AlGaN
alloys are also direct and can cover the range from 3.4 eV to
6.2 eV continuously, depending on the relative concentrations
of Al and Ga. Therefore, optical devices developed using these
materials will have cutoff wavelengths ranging from 365 nm
to 200 nm. Devices of interest include light-emitting diodes
and laser diodes in addition to UV photodetectors. The elec-
tronic properties of GaN provide for superior solar-blind
wavelength selectivity, high dielectric breakdown thresholds,
high thermal conductivity, and excellent mechanical hard-
ness. These features offer the potential for operation of solar-
blind GaN UV photodetectors without using long-wavelength
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Figure 12. Schematic of thin film SiC photodetector fabricated using
amorphous SiC and amorphous Si on a glass substrate. TCO = trans-
parent conductive oxide film. [Reprinted with permission from IEEE
Trans. Electron Devices, 43, 1351, 1996. © 1996 IEEE.]
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Figure 13. Schematic of vertical geometry, transparent GaN Schot-
tky barrier photodiode. [Courtesy of APA Optics, Inc. Reprinted with
permission from Appl. Phys. Lett., 70, 2277, 1997. Copyright 1997
American Institute of Physics.]

cutoff filters. Also, these photodiodes may be operated under
extreme environmental conditions such as high temperature
and high humidity. The realization of such devices has been
impeded because of the difficulty of fabricating high-quality
intrinsic and p-doped materials. For this reason GaN manu-
facturing technology is still considered an art and is much
less mature than that for Si or SiC. Since there is no suitable
material that will lattice match it, GaN films are usually
grown at high temperature on sapphire substrates. Metal-or-
ganic chemical vapor deposition and molecular beam epitaxy
techniques can yield high-quality films on sapphire sub-
strates. These have been used to demonstrate exceptionally
good solar-blind UV photodetection. The first demonstration
of UV photodetection using single-crystal GaN films was re-
ported by Khan and coworkers (27). A photoconductive detec-
tor using interdigitated electrodes (due to the extremely high
resistivity of GaN) exhibited excellent responsivity for wave-
lengths shorter than 365 nm and very little responsivity for
wavelengths longer than 365 nm, with an extremely sharp
cutoff due to the direct gap. This device had a very high pho-
toconductive gain (responsivity >1000 A/W), but had a long
response time (order of ms). It has been found that both the
responsivity and temporal response of photoconductive GaN
detectors are functions of the incident power (28). This is the
result of a competition between distinct recombination pro-
cesses that involve deep traps within the GaN. More recently,
a vertical geometry, transparent GaN Schottky barrier detec-
tor that uses front illumination has been described (29). A
schematic of the detector is shown in Fig. 13. The vertical
geometry of this detector resulted in efficient photocarrier col-
lection and in a substantially improved response time (118 ns
for a 50 () load). The spectral response of the Schottky photo-
diode for a —5 V bias is shown in Fig. 14. The response is
relatively constant, ~0.15 A/W to 0.18 A/W, from 250 nm to
the band edge at 365 nm. Although GaN photodetectors are
available commercially (30) the fabrication of GaN epitaxial
films and the development of photovoltaic and photoconduc-
tive detectors is still a topic of intense current research
(31-36).

PHOTOEMISSIVE ULTRAVIOLET PHOTODETECTORS

In a semiconductor photodetector ultraviolet light is absorbed
within the semiconductor, producing electron-hole pairs that
are then separated by an electric field, giving rise to the pho-
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Figure 14. Spectral response of GaN Schottky barrier photodiode.
[Courtesy of APA Optics, Inc. Reprinted with permission from Appl.
Phys. Lett., 70, 2277, 1997. Copyright 1997 American Institute of
Physics.]

toconductive and photovoltaic effects. In a photoemissive pho-
todetector, however, ultraviolet light ejects photoelectrons
from the surface of a photocathode, generating a photoelec-
tron current when the photoelectrons are collected by an
anode at a positive bias with respect to the cathode. The pho-
toelectron current is proportional to the intensity of the inci-
dent ultraviolet light. The spectral response of the detector
depends largely on the work function of the photocathode ma-
terial. Vacuum photodiodes are relatively simple photoemis-
sive detectors that can have subnanosecond time resolution.
They are well suited for applications that require the mea-
surement of relatively intense, fast UV light signals (37). A
schematic of a windowless aluminum oxide photoemissive
photodiode (38) is shown in Fig. 15. The photocathode is man-
ufactured by evaporating a thin film of aluminum onto a
quartz disk and oxidizing the surface to yield a thin layer
(~15 nm) of aluminum oxide. The anode is a stainless-steel
ring that is assembled with the photocathode in a Teflon
body. The response of this photodetector is quite solar blind,
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Figure 15. Schematic of windowless aluminum oxide photoemissive
photodiode. [Courtesy of the Physics Laboratory, National Institute
of Standards and Technology.]
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exhibiting a peak at ~70 nm and falling to essentially zero
beyond 150 nm. The response at the peak is 0.16 electrons/
photon, reflecting the fact that while these photodetectors can
have high quantum efficiency there is no internal gain.

Photomultiplier Tubes

The primary photoelectrons produced by incident photons at
the photocathode can be multiplied to provide a photoemis-
sive detector with high gain. Photomultiplier tubes (PMTs)
are photoemissive detectors with very high gain that provide
the most sensitive method for measuring low light levels (39).
The principle elements of a PMT are shown schematically in
Fig. 16 and include a photocathode, an electron multiplier,
and an anode, all of which are contained in a vacuum enve-
lope. A photon impinges upon the photocathode of a PMT,
causing a photoelectron to be ejected and accelerated toward
the electron multiplier or dynode chain. The initial photoelec-
tron impacts the surface of the first dynode, causing the emis-
sion of several secondary electrons, which in turn cascade
through the dynode chain resulting in gains of 10° to 10° sec-
ondary electrons per photoelectron. The resulting electron
current is detected at the anode. Depending on the rate at
which the incident photons arrive, the output of the PMT may
appear as short bursts of voltage pulses for low light levels or
as a dc current for higher light levels. The most sensitive
method for the measurement of low light levels (N < 10®
photons/s) is single photon counting. This method counts the
number of photoelectron-generated pulses that arrive at the
anode during a preselected time interval. A voltage discrimi-
nator is used to discriminate between voltage pulses that
originate from the photocathode (signal) and voltage pulses
that originate from within the dynode chain (noise). For
higher light levels, current measurement methods are used.
There are a variety of types of electron multipliers that are
used in PMTs including several types of dynode chains, wire
mesh dynodes, and microchannel plates. Specific dynode
structures are chosen for particular applications, for example,
a linear focused dynode chain provides fast response times
and is particularly useful for pulsed measurements, while a
box and grid type dynode chain provides excellent photon col-
lection efficiency (40). Wire mesh and microchannel plate elec-
tron multiplier structures may be used for position-sensitive
detection applications. These types of electron multipliers are
particularly insensitive to external magnetic fields, and can
be used in environments that are not suitable for most other
PMTs. For the specific application of UV light detection, the
wavelength response of a PMT is dependent on a number of
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Figure 16. Schematic of a typical photomultiplier tube.
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factors including the window material used to seal the vac-
uum tube and the composition of the photocathode material.
Windows composed of MgF, provide transmission down to 105
nm. Other UV-transmitting window materials include LiF,
sapphire, and synthetic fused silica, with minimum transmis-
sion wavelengths of 115 nm, 145 nm, and 160 nm, respec-
tively. Commercially available solar-blind, UV-sensitive
PMTs utilize photocathode materials such as Csl, CsTe, KBr,
and RbTe. The spectral response for a photomultiplier manu-
factured using a CsI photocathode and a magnesium fluoride
window (13) extends from 115 nm to 195 nm, with the peak
of the response occurring at ~120 nm. The spectral response
for a photomultiplier manufactured using a CsTe photocath-
ode and a synthetic silica window (13) extends from 160 nm
to 320 nm, with the peak of the response occurring at ~200
nm. The short-wavelength cutoff for these photomultiplier
tubes is determined by the absorption coefficient of the win-
dow material, while the long-wavelength limit is determined
by the work function of the photocathode material. These UV-
sensitive photocathodes are particularly useful for solar-blind
detection applications as they are practically unresponsive to
visible light wavelengths and can often be used without filters
to block background light. Solar-blind PMTs are commercially
available from a number of suppliers (12). Other photocath-
ode materials are available with good UV sensitivity, such as
bi-alkali, S-20, and S-11 photocathodes, but these are not visi-
ble-blind photocathodes, and appropriate wavelength discrim-
ination using filters or monochromators is required to exclude
visible light. Generally, although PMTs do not have the high
quantum yield of semiconductor detectors, their large gain
and low noise are necessary for very-low-light-level applica-
tions. Traditionally, the expense, mechanical fragility, suscep-
tibility to magnetic fields, and high-voltage power require-
ments of PMTs have been important considerations in
determining their use. Advances in PMT technology are chal-
lenging these traditional considerations as miniaturized
PMTs, and PMT modules provide exceptional performance in
small, rugged packages (13).

Gas-Filled Phototubes

The gas-filled phototube is another type of photoemissive pho-
todetector that is used for solar-blind ultraviolet light detec-
tion applications. In these detectors a dc gas discharge is
maintained by a small discharge current from a metal photo-
cathode to a wire anode. When the gas discharge is illumi-
nated with very low levels of ultraviolet light, gas breakdown
occurs leading to an increase in the discharge current. The
bias current is set near the breakdown condition and the re-
sponse is nonlinear, exhibiting saturation at relatively low
(nanowatt) power. Commercially available gas-filled pho-
totubes (41) have a solar-blind spectral response (185 nm to
260 nm) and are used in flame detectors and fire alarms. Im-
proved gas-filled phototubes have been described more re-
cently (42) that operate without gas breakdown and are sig-
nificantly more sensitive than the gas-discharge tubes. These
phototubes operate in the prebreakdown regime and detect
light by an excited-state photoionization mechanism rather
than glow discharge. The responsivity in the ultraviolet re-
gion is quite high, 6 A/W at 200 nm using molybdenum elec-
trodes and argon gas, due to the internal gain. The response
of these phototubes ranges from 190 nm to 270 nm.
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