Semiconductor ultraviolet photodetectors
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This paper presents an overview of semiconductor ultraviolet (UV) photo-
-detectors that are currently available and associated technologies that are
undergoing further development. At the beginning, the classification of UV
detectors and general requirements imposed on these detectors are presented.
Further consideration are restricted to modern semiconductor UV detectors, so
the current state-of-the art of different types of semiconductor UV detectors is
presented. Hitherto, the semiconductor UV detectors have been mainly fab-
ricated using Si. Industries such as the aerospace, automotive, petroleum, and
others have continuously provided the impetus pushing the development of fringe
technologies which are tolerant of increasingly high temperatures and hostile
environments. As a result, the main effort are currently directed to a new
generation of UV detectors, fabricated from wide-band-gap semiconductors;
between them the most promising are diamond and AlGaN. The latest progress

in development of AlIGaN UV detectors is finally described in detail.

1. Introduction

The issue of UV detectors is treated in several
monographs and reviews. An extensive examina-
tion of various detector systems for both imaging
and nonimaging applications is presented by Car-
ruthers [1]. Timothy and Madden [2]have restric-
ted their review to photon detectors that are
currently available for use at ultraviolet and X-ray
wavelengths. More information about the history
of the development of UV detectors and their
current status in astronomy can be found in excel-
lent book entitled Low light level detectors in
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astronomy by Eccles, Sim and Tritton [3]. Another
Timothy’s review paper is devoted mainly to dete-
ctors for optical wavelengths [4], and a compari-
son of charge-coupled devices (CCDs) to other
optical detectors is given by Janesick et al. [5].
The reviews of the present and future techno-
logical concepts currently being considered in
astrophysics and astronomy are given by Welsh
and Kaplan [6], Joseph [7], and by Ulmer et al.
[8]. However, the UV detectors have also found
terrestrial applications. They can detect UV emis-
sions from flames in the presence of hot backg-
rounds (such as infrared emission from the hot
bricks in a furnace). This provides an excellent
flame on/off determination system for controlling
the gas supply to large furnaces and boiler sys-
tems. Flame safeguard and fire control areas are
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just two of the various possible applications of the
UV detectors.

In this paper we will first present the clas-
sification of UV detectors and general require-
ments imposed on these detectors. Further con-
sideration will be restricted to modern semicon-
ductor UV detectors, so the current state-of-the
art of different types of semiconductor UV detec-
tors will be presented. The main effort will be
especially directed to a new generation of UV
detectors. This generation of detectors is the pro-
duct of five years of materials and device research,
which resulted in the development of high quality
GaN layers.

2. Classification of UV detectors

In general, UV detectors fall into two categories:
photon detectors (also named photodetectors)
and thermal detectors (see Fig. 1). In photon
detectors the incident photons are absorbed wit-
hin the material by interaction with electrons. The
observed electrical signal results from the changed
electronic energy distribution. The photon detec-
tors measure the rate of arrival of quanta and show
a selective wavelength dependence of the respon-
se per unit incident radiation power. In thermal
detectors, the incident radiation is absorbed and
raises the temperature of the material. The output
signal is observed as a change in some tem-
perature-dependent property of the material. In
pyroelectric detectors a change in the internal
electrical polarization is measured, whereas in the
case of bolometers a change in the electrical

resistance is measured. The thermal effects are
generally wavelength-independent since the ra-
diation can be absorbed in a "black” surface
coating. Because of greater sensitivity, photon
detectors are more commonly utilized at UV wave-
lengths. Thermal detectors, however, are someti-
mes employed at UV wavelengths as absolute
radiometric standards.

UV photon detectors have traditionally been
devoted into two distinct classes; namely, photog-
raphic and photoelectric. Photographic emulsion
has the great advantage of an image-storing capa-
bility and can thus record a large amount of data in
a single exposure. However, photographic emul-
sion has a number of limitations: the sensitivity is
considerably lower that that of a photoelectric
detector, the dynamic range is lin}'j‘ted, the respon-
se is not a linear function of the'incident photon
flux at a specific wavelength, and emulsion is
sensitive to a very wide energy range.

Photoelectric detectors, on the other hand, are
more sensitive, have a greater stability of response
and provide better linearity characteristics. In the
last decade considerable progress in the ima-
ge-recording capability of photoelectronic devi-
ces has been observed. Recently developed pho-
tovoltaic array detectors and photoemissive array,
for the first time, combine the sensitivity and
radiometric stability of a photomultiplier with
a high-resolution imaging capability.

In the most commonly employed photoemissive
UV detectors, the photon is allowed to impact
a solid surface realizing a photoelectron into the
vacuum environment [Fig. 2(a)]. Applying a vol-
tage between the photocathode surface and a po-

Ultraviolet photon detectors
[ Photoelectric detectors| [ Photographic detectors|
Photoconductive Photovoltaic Photoemissive
Examples: GaAs Examples; p-n junction and Schottky Examples: Vidicon
GaN barrier (Si, SiC, GaN) MCP
AlGaN CCD, CID EBCCD

Fig. 1. Classification of ultraviolet detectors.
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sitively-biased anode causes a photoelectron current
to flow in proportion to the intensity of the
incident radiation. Since these detectors make use of
the external photoelectric effect, the wavelength
range of sensitivity is defined primarily by the work
function of the surface material. Photocathode ma-
terials such as SbKCs and CsTe exhibit maximum
sensitivity in the range from 400 to 235 nm, respec-
tively, making them well suited to UV applications.

In the semiconductor detectors, the photons are
absorbed in the bulk of the semiconductor mate-
rial, producing electron-hole pairs which are sepa-
rated by an electrical field. These detectors make
use of the internal photoelectric effect where the
energy of the photons is large enough to raise the
electrons into the conduction band of the semi-
conductor material. In the case of photovoltaic
detectors, the electron-hole pairs are separated by
the electrical field of p-n junctions, Schottky
barrier or MIS capacitors, which leads to an
external photocurrent proportional to the number
of detected photons [Fig. 2(b)].

In the photoemissive detectors, the primary
photoelectron can be multiplied by the process of
secondary emission to produce a large cloud of
electrons. The occurrence of a single photoelec-
tron event then can be detected either directly
with conventional electronic circuits or by ac-
celerating the electron cloud to high energy and
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Fig. 2. Principle of operation of photoemissive (a) and semiconductor detectors (b).

allowing it to impact a phosphor screen. The
emitted pulse of visible-light photons can then be
viewed directly, or detected and recorded by
additional photosensitive systems. Detectors ope-
rated in this pulse-counting mode can provide the
ultimate level of sensitivity set by the quantum
efficiency of the photocathode. The complexities
of photomultiplier tube (amplification in a vacuum
tube, high voltages required, large and fragile
tubes are sensitive to magnetic field, expensive)
limit their applications, especially for those requi-
ring small devices, consuming small power.

Table . Comparison of photoemissive
and semiconductor UV detectors

Type

Advantages

Disadvantages

Photoemissive
detectors

easy to operate,
high sensitivity
solar blind

low quantum
efficiency, strong
spectral depen-
dence of re-
sponsivity, sen-
sitiveness to sur-
face contamina-
tions

Semiconductor
detectors

broad spectral
responsivity, ex-
cellent linearity,
high quantum
efficiency, high
dynamic range
of operation, lar-
ge-format image
arrays

induced
effects

aging
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The importance of UV semiconductor detectors
has resulted in the recent meteoric expansion of the
semiconductor industry, and second, the continu-
ing emphasis on the development of low-light-
-level imaging systems for military and civilian
surveillance applications. These detectors should:

@ not be sensitive to light at optical wavelengths
(commonly referred to as being solar blind),

@ have high quantum efficiency,
@ have a high dynamic range of operation,
®

have low backgrounds since noise arising from
the background often dominates in faint UV
observations.

Multiplying the number of primary charge car-
riers is generally not possible in semiconductor
detectors (although this deficiency may be offset
by the very high internal quantum efficiency of the
semiconductor material). These detectors are thus
less sensitive at the lowest signal levels than the
photoemissive detectors operating in pulse-coun-
ting mode. However, the semiconductor detectors
have the ability to store charge and integrate the
detected signal for significant periods of time. In
recent time, there has been much development of
charge couple device (CCD) detectors for use in
the UV spectral ranges [5, 9 — 12]. On the
contrary, for visible spectral range, the use of Si
CCDs in the UV region is not yet well established
because of the many problems connected with the
interaction of UV radiation with the materials
typically used in silicon technology. However,
a new class of video-rate imagers based on thin-
ned, back-illuminated CCDs is available at present
to replace conventional image intensifiers [12].

3. Semiconductor materials used

for UV detectors

Ultraviolet semiconductor photodetectors work
in three fundamental modes:
@ photoconductive detectors,
@ photodiode p-n junctions, and
@ Schottky barrier detectors.
The basic theories of photoconductors, p-n

junctions and Schottky barriers are presented in
Ref. 13.
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Different semiconductor compounds have been
used to fabricate photodetectors with spectral
responses in the UV region. Figure 3 shows the
spectral detectivity of optical detectors respon-
ding in the 0.1 to 1.2 um region. Note that
detectivity is not D*, but rather reciprocal of NEP
for a 1 Hz bandwidth. This figure of merit is
employed to include photomultipliers whose noi-
se does not in all cases depend upon the square
root of the photocathode area.
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Fig. 3. Detectivty vs wavelength values of 0.1-1.2
um photodetectors. PC indicates a photoconduc-
tive detector and PM indicates a photomultip-
lier(after Ref. 14)

Historically, the development of a high quantum
efficiency semiconductor detectors in the whole
UV range has been hampered by the extremely
strong absorption and strong radiation induced
aging effects in most of the semiconductor mate-
rials. It is especially visible in the case of silicon,
which due to mature technology, is the most
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popular semiconductor material used for fabrica-
tion of UV detectors. For this semiconductor the
photon penetration depth ranged from less than
10 nm in the near UV and mid UV to 100 um for
10-keV X-rays [1].

The modern semiconductor UV detectors are
mainly fabricated using Si. These devices offer the
advantages inherent in a small (in comparison
with photomultiplier tube), solid state device,
requiring only moderate voltages. Disadvantage of
this approach include the fact that Si is an indirect
bandgap material, so that quantum efficiency is
low, and that the peak sensitivity is around 700
nm, so that external filtering is needed to block out
the visible and infrared light, this adding both to
the expense and volume of the detector assembly.
What is needed is a detector which combines
— the compactness, low voltage operation of the
Si photodiode, with the solar blind capabilities of
the photomultiplier tube.

Many of applications for UV detection involve
hostile environments such as /n s/itu combustion
monitoring and satellite-based missile plume de-
tection, where the ruggedness of active UV detec-
tor material is an important advantage. Other
applications capitalize on the sensitivity of wi-
de-band-gap semiconductor detectors, such as air
quality monitoring, gas sensing, and personal UV
exposure dosimetry. Industries such as the aero-
space, automotive, petroleum, and others have
continuously provided the impetus pushing the
development of fringe technologies which are
tolerant of increasingly high temperatures and
hostile environments. In the field of optical devi-
ces, several trends are pushing research into new
materials. The next generation of UV detectors are
those based on wide bandgap semiconductors (Eg
> 3.0 eV). Considering the relatively advanced
stage of SiC development, it appears that most
high-temperature, high-power electronic devices
will be fabricated from that material. The wide
bandgap energy permits also the fabrication of
SiC UV detectors. A technological progress in
fabrication of materials based on the Il1-V nitrides
together with their inherent favorable properties,
make 1l1-V nitrides the most promising semicon-
ductor materiais for application in the UV wave-
length range [15, 16]. [lI-V nitride devices will be
capable of improved high-power and -temperatu-
re operation due to their large band gaps.
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GaN has many advantages over SiC for ap-
plications, but lags in development. While its
thermal conductivity, thermal stability, chemical
inertness, breakdown fields, and band gap are all
roughly comparable to SiC, its optoelectronic
properties will be superior. GaN has a direct band
gap, so momentum-consarving transitions con-
nect states having the same k values. Therefore,
GaN is one of the most promising materials for
light-emitting devices in the blue, violet and ultra-
violet spectral regions. Because of the wide band-
gap of GaN (Eg = 3.4 eV) there is no responsivity
to infrared radiation (long wavelength cutoff oc-
curs at 365 nm) which is important in many
applications whenever it is desirable to detect UV
in a visible and infrared background. It should be
expected that GaN radiation resistance is superior
to SiC. Initial results indicate that chmic contacts
to GaN will be superior to those possible with SiC.
Finally, the ease with which heterostructures can
be formed with AIN and InN alloys is a great
advantage for more complex device structures.

The wurtzite polytypes of GaN, AIN, and InN
form continuous alloy systems whose direct band
gaps range from 1.9 eV for InN, to 3.4 eV for GaN,
to 6.2 eV for AIN. Thus, the IlI-V nitrides could
potentially be fabricated into optical devices
which are active at wavelengths ranging from the
red well into the UV. Table 2 compares relevant
material properties of SiC and GaN with Si and
GaAs, the two most popular semiconductor devi-
ce technologies, and GaP and diamond, two other
contenders for high-temperature operations. Dia-
mond has long been recognized as a promising
material for fabricating robust, solar-blind radia-
tion detectors. However, due to technological
limitation, diamond is still potential material for
future technologies [17].

4. Si UV photodiodes

Silicon photodiodes originally designed for the
visible spectral range, can be also used in the UV
region. Arrays of silicon photodiodes are fabrica-
ted by a number of manufacturers, e.g. the most
commonly used arrays for astronomical spectros-
copy are fabricated by EG and Reticon [18].
Building a silicon photodiode with a high ultra-
violet quantum efficiency has not been the pro-
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Table Il. Comparison of important semiconductor properties for high-temperature electronics
(after Refs. 15 and 16)

. 3C-SiC :
Parameter Si GaAs GaP (6H-SiC) GaN Diamond
Lattice parameters (A) a = 5.4301]a = 5.6533 a=436 |a=3.189
(a=308)|c =5.185
(c =15.12)
Band gap (eV) 11 1.4 23 22 3.39 5.5
at 300 K (2.9)
Coefficient of thermal 3.59 6.0 5.69
expansion (10°¢K'") (4.2) 317
(4.68)
Maximum operating 6007 7607 12507 1200 14007
temperature (K) (1580)
Melting point (K) 1690 1510 1740 Sublimes Phase
>2100 changes
Physical stability Good Fair Fair Excellent Good Very good
Electron mobility (cm?/Vs) 1400 8500 350 1000 900 2200
at 300 K (600)
Hole mobility (cm?2/Vs) 600 400 100 40 1507 1600
at 300 K
Breakdown voltage 0.3 0.4 = 4 5? 10
(108 V/cm)
Thermal conductivity 1.5 0.5 0.8 5 1.3 20
(W/cm)
Saturation electron drift 1 2 = 2 2.7 2
velocity (107 cm/s)
Static dielectric constant 11.8 12.8 1141 9.7 9 55

blem. The problem has been to maintain that high
quantum efficiency under ultraviolet irradiation
and over a period of years.

Two types of silicon UV detectors are fabrica-
ted: -

@ diffused photodiode,
@® Schottky barrier photodiode.

The majority of the oldest types of silicon pho-
todiodes had a dead region at their surface, so
carriers generated by UV photons were lost in this
region before they could be collected by the p-n
junction, leading to a loss of quantum efficiency.
Even if a photodiode had 100% internal quantum
efficiency, a thick silicon dioxide layer on the
diode surface would reduce the quantum efficien-
cy in the 400 A to 1200 A region drastically.

To overcome above mentioned difficulties, it
has been proposed and demonstrated that natural
inversion layer photodiodes [19] should have an
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internal short-wavelength quantum efficiency of
100% due to the nature of the built-in field
associated with a strongly inverted layer at the
oxide-silicon interface. Figure 4(a) shows a sche-
matic diagram of this photodiode. The inversion
layer is contacted via the n*-diffusion by means of
the inner metal ring. The outer metal ring contacts
the p*-guarding and thereby the p-substrate. The
substrate can also be connected via the p*-dif-
fusion on the back side. The intrinsic fixed positive
charge within the SiO, causes the p-type sub-
strate to undergo inversion, and thus induces
a very thin n-type region adjacent to the Si0,/Si
interface, and forms the required p-n junction.
Since the junction creation process results in
a built-in field which is optimum for removing
minority carriers from the oxide-silicon interface,
these devices are less prone to recombination and
trapping effects, and thus higher UV quantum
efficiency can be achieved than in the case of
diffused junction photodiodes.
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Fig. 4. Schematic diagram of the silicon UV pho-
todiodes: (a) inversion layer type; (b) phosphorus
diffused type (n on p); (c) boron-diffused type (p

on n) (after Ref. 20), and (d) optically filtered
arsenic diffused (n on p) (after Ref. 21).

Figure b shows spectral dependence of quan-
tum efficiency of UDT standard UV 100 inversion
layer photodiodes which had 1200 A antireflec-
tion layers of oxide. The absence of any dead
region at the front surface of these diodes has
been verified by internal quantum efficiency mea-
surements in the 250—500 nm spectral range.
These diodes are also almost dead below 1200 A
because of the thick silicon oxide antireflecting
coating on the front surface. Because the inver-
sion layer charge which causes the semiconduc-
tors surface inversion is situated within the first
100 A of silicon oxide from the semiconductor
surface, any efforts to extend the diodes response
below 1200 A by reducing the silicon oxide
coating to a few tens of Angstroms is undesirable.

Instabilities were also encountered with this
type of photodiode. Inversion layer diodes have
a low linearity due to the inherently high sheet
resistance of an inverted semiconductor layer.
Moreover, it appears, that the fixed oxide charge
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that induces the inversion layer in the diode was
neutralized as a result of UV irradiation [20]. Since
the inversion layer charge decreases with dec-
reasing oxide charge, the diode inversion layer
resistance, which is in series with the diode,
would increase. Thus the threshold value of for-
ward bias needed to cause a nonlinearity could be
dropped across the increased series resistance by
a small value of photocurrent, resulting in a loss of
linearity range.

The best quality Si photodiodes for UV ap-
plications have been developed by Korde and
co-workers [20, 22—-24]. They used different met-
hods of junction fabrication, but the better results
have been obtained using defect-free arsenic [23]
and phosphorus [20, 24] diffusions.

Figure 4(b) is a schematic diagram of diffused
type Si photodiode. The starting material was
a float-zone, <111> oriented, p-type, 100 Qcm.
After the p* channel stop and n* guard ring were
formed by selective boron and phosphorus dif-
fusions, respectively, arsenic was predeposited in
the active area of the device using a planar arsenic
source. The arsenosilicate glass formed during the
predeposition was etched in 10% hydrofluoric
acid and the final passivating Si,O anti-reflection
coating with a thickness of about 600 A was
grown in dry oxygen. A standard photolithograp-
hic process was used to open windows at the
desired locations in the diffused regions, and
aluminum was vacuum evaporated on these win-
dows for chmic contacts.

Since UV radiation is absorbed in the first few
hundred nanometers of silicon, the doped dif-
fusions were kept shallow to minimize the po-
ssibility of recombination between the oxide-sili-
con interface and the junction. Low temperature
dopant deposition and drive-in were adopted to
get a shallow junction, about 0.2 um.

It appears that n-type impurities such as phosp-
horus and arsenic tend to pile up in the silicon
during the oxide growth, creating a built-in electric
field near the oxide-silicon interface, which elimi-
nates interface recombination [25, 26]. So a high
minority carrier lifetime in the diffused region re-
sults in 100% internal quantum efficiency.

As a possible causes of instability of quantum
efficiency of silicon UV photodiodes, we can

A. Rogalski and M. Razegﬁi 19



Semiconductor ultraviolet photodetectors

200
180
160~
140~
120
100}~

80

Quantum efficiency

Sodium salicylate
60 coatings

40

201

Windowless UV100 diodes

-

Coronene coatings
| 1

0

1000 1400

1600 1800 2000

Wavelength (f\)

Fig. 5. Quantum efficiency of inversion layer silicon photodiodes (UDT standard UV 100 photodiodes)
compared to the efficiency of typical fluorescing coatings (after Ref. 22).

distinguish [20]: unsatisfactory silicon-oxide in-
terfaces, latent recombination centers in the dif-
fused layers and moisture absorption by the devi-
ce. Meticulous care as described in Ref. 20 is
necessary during the fabrication of devices. A dry,
clean oxide process during the growth of the final
antireflection coating is essential to achieved sta-
bility against UV exposure.

N-on p photodiodes are inherently more stable
than the commonly used boron-diffused devices
based on n-type silicon. Boron migrates from the
silicon surface into the oxide during the final
thermal oxidation step. The resulting acceptor
profile, which is depleted in the vicinity of the
oxide-silicon interface, creates a built-in electric
field perpendicular to the interface, directed to-
ward the bulk. The resulting electric field attracts
the photogenerated minority carriers (electrons)
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created in the diffused region towards the oxi-
de-silicon interface, greatly enhancing the carrier
loss due to interface recombination.

Further improvement in the fabrication of Si UV
photodiodes has been achieved by reduction of
the silicon dioxide layer to a thickness between 40
and 80 A [22, 24]. The thinner oxide should lead
to photodiodes with higher quantum efficiency
stability because of the smaller volume available
for generation of electron-hole traps which are
invariably caused by the diode exposure to humi-
dity and UV radiaticn. Production of the elec-
tron-hole traps in the passivating silicon dioxide
layer is one of the major causes for quantum
efficiency changes in silicon photodiodes.

One significant shortcoming of Si photodiodes
for UV applications is the inherent broadband
response extending from x-rays to the near infra-
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red. The addition of a thin film of a suitable
filtering material to the source of such a photodio-
de [see Fig. 4(d)] can accomplish the restriction
of the sensitivity of the silicon to a much narrower
band, or bands, in the UV [21].

5. SiC UV detectors

The inherent material properties of the 6H poly-
type of SiC are very attractive for UV applications.
In comparison with Si (see Table 2), SiC is
characterized by a higher breakdown field that
permits much smaller drift regions (i.e., much
lower drift region resistances), a higher thermal
conductivity that enables superior heat dissipa-
tion, and a wide band-gap energy (2.9 eV) that
permits higher junction operating temperature.

The earlier published research on 6H-SiC UV
photodiodes utilized diffusion of Al into n-type
substrates [27]. The diffusion process at tem-
peratures of about 2000°C led to a structural
decomposition of surface layers. This process re-
sulted in high-leakage devices with low quantum
efficiency. Glassow et al [28] improved upon this
initial design by utilizing N implantation to form
a very shallow (0.05 gum) n™-p junction in a 5 um
p-type epitaxial layer, grown on a p-type sub-
strate. Furnace annealing and rapid isothermal
annealing (RIA) were employed to activate the
implanted nitrogen. Further improvement has be-
en achieved using commercial 6H SiC wafers,
1 inch in diameter, on which a p-n junction was
grown epitaxially [29]. A heavily N-doped n-type
epitaxial layer of 0.2 or 0.3 um thick was utilized to
form an n*-p junction. The concentrations of
impurities was 5 to 8 x 10" cm™ in p-type
epitaxial layers, and 5 to 10 x 10 cm™ in n* cap
layer. By thinning the top n* layer outside of the
mesa contact, a responsivity of 50 mA/W was
achieved at 200 nm. The diffusion length of
electrons in the p-type layer was varied between
1.4 to 2.2 um, and was smaller than the estimate of
3 um given in Ref. 28.

Edmond and co-workers [30] have demonst-
rated the best quality 6H-SiC UV photodiodes.
Wafers of n- and p-type 6H-SiC with typical
resistivities in the range of 0.02—0.04 and 1-10
Qcm, respectively, were used as substrates for
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epitaxial growth. An epitaxial junction was produ-
ced by first growing a predominantly Al-doped
p-type layer followed by a predominantly N-do-
ped n-type layer on a p-type substrate. The do-
ping in the background layer was controlled bet-
ween (1-5) x 10'® cm™ with a thickness of ~3
um. The n-type layer was heavily doped to ~10'
cm?3. All devices were fabricated using a mesa
geometry. The junctions were passivated with
thermally grown SiO,. Ohmic contact materials for
the p-type side and n-type side were sintered Al
and Ni, respectively.

The photodiode with square active junction
with an area of 0.04 cm? has demonstrated ext-
remely small dark currents, as little as 10" A at
— 1V at 473 K. At the highest voltage measured,
— 10 V, the dark current density increased from
~10° to ~3 x 10® A/cm? when increasing the
temperatures from 473 K to 623 K. Figure 6 shows
the dark current density at — 10 V as a function of
temperature together with previously reported da-
ta for comparison purposes. As shown, the devi-
ces reported by Edmond and co-workers [30]
exhibit orders of magnitude lower leakage current
than any other published data in 6H-SiC.

10° ey
= This work| |
o ¢ Ref. 28
5 102> o Ref.29
<
§ 10 S,
-.dc-; 5 HR\\"*&_
§ 10 ] ~_
(] 10 ]
'--...\‘\
10™
14 1.8 2.0 2.2
1000/T (K)-

Fig. 6. Dark current density versus inverse tem-
perature for 6H-SiC photodiodes (after Ref. 30).

The same devices exhibited near unity peak
responsivities between 268 and 299 nm in tem-
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perature range between 223 K and 623 K (see Fig
7). The responsivity of the photodicode at a higher
temperature shifts to longer wavelengths because
of bandgap narrowing. The indirect bandgap dec-
reases from ~3.03 eV at 223 Kto ~2.88 eV at 623
K, corresponding to a rate of 3.8x10* eV/K [28].

250

Responsivily (mA/W)

Fig. 7. Temperature-dependent responsivity of
a SiC photodiode. The temperature tested were:
(0) 223K (®) 300K, (0) 498 K and (m ) 623
K (after Ref. 30).

Recently, Caputo et al. [31] have described
large area p-i-n structures made of hydrogenera-
ted amorphous silicon (a-Si:H) and silicon car-
bide (a-SiC:H) on glass substrate. An a-Si:H
n-doped layer was first deposited on the trans-
parent conductive SnO; film. Then the intrinsic
a-SiC:H layer and the thin p-doped a-SiC:H layer
were grown. On the top of the semiconducting
structure, an aluminium 1 gm thick film was
evaporated and photolitographically etched. At
room temperature the detectors exhibit values of
quantum efficiency of 20% at A = 187 nm, and are
transparent to the visible radiation.

Frojdh et al. [32, 33] have fabricated finger
shaped Schottky photodiodes by evaporating Ti
on substrates with different n-type and p-type
doping levels. The starting material was 6H-SiC
wafers with an epitaxial layer. The doping concen-
trations of the epitaxial layers have been changed
between 10" to 10'® cm™. As a barrier, titanium
with resulting layer thickness 200 nm was evapo-
rated on the wafers using an electron gun evapo-
rator. A standard lift-off procedure was used to
remove excess metal. A back contact was made by
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evaporation of 500 nm of Al on the back side of
the wafer. Most of the Schottky barriers showed
good rectifying behaviour with an ideality factor
generally below 1.2. The best results were ob-
tained for diodes on the p-type material for which
the reverse leakage current at - 10 V was below
1 pA and for a reverse voltage of up to - 70 V the
leakage current remained below 500 pA.

Generally, the p-type material shows a much
higher photoresponse than the n-type material.
This can be explained by two effects:

@ the built in voltage in the p-type material is
much higher (about factor of 2) than the built
in voltage in the n-type material,

® the diffusion length of electrons is much larger
than the diffusion length of holes.

6. [1I-V nitrides as the materials for
UV detectors

The IlI-N nitrides are excellent materials to
cover important technologically band, which oc-
curs in the 240—280 nm range (~4.75 eV) where
absorption by ozone makes the earth’s atmosp-
here nearly opaque. Space communications in this
band would be secure from earth, although vul-
nerable to satellite surveillance. On the earth,
shielded by the suns radiation, imaging arrays
operating in this band would provide extremely
sensitive surveillance of objects coming up out of
the atmosphere. Due to their wide band gap, the
I11-V nitrides are expected to exhibit superior
radiation hardness characteristics compared to Si.
GaN is by far the best-studied Il11-V nitride semi-
conductor. '

The main obstacle in the development of the
nitride UV photodetectors was significant difficul-
ties in obtaining high-quality material. GaN has
high n-type background carrier concentration re-
sulting from native defects commonly thought to
be nitrogen vacancies. In films having relatively
small background electron concentrations, p-type
doping is difficult to achieve. In the past several
years much progress was made in developing
modern epitaxial growth material. The room tem-
perature background electron concentration of
GaN films has been considerably reduced and
p-type material has been reported. At present the
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MOCVD grown GaN layers with the AIN buffer
layer have n-type conductivity with an electron
concentration of about 10'® cm® at room tem-
perature and the electron mobility of about 500
cm?/Vs [34]. Mg-doped p-type layers have hole
concentrations above 10'” cm? and hole mobili-
ties of 10—50 cm?/Vs at room temperature [34,
35].

6.1. Photoconductive detectors

The first high quality GaN photoconductive
detectors were fabricated by Khan etal. [36]. The
active region of detector was a 0.8 um-thick
epitaxial layer of insulating GaN deposited over
a 0.1-um-thick AIN buffer layer using MOCVD
over basal-plane sapphire substrates. Interdigita-
ted, electrical, 5000-A-thick, gold contacts were
fabricated on the epilayers for the photoconduc-
tive response measurements. The interdigitaied
electrodes were 3 um wide, 1 mm long, and had
a 10 um spacing. Figure 8 shows the spectral
responsivity of GaN photoconductive detectors.
It reaches its maximum value at 365 nm and then
remains nearly constant down to 200 nm. The
peak responsivity is about 1000 A/W, and the
estimated gain/quantum efficiency product for
the detectors is 4.8x103. The response of GaN
detectors is linear over five orders of incident
radiation power. The detector response time is
about 1 ms.
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Fig. 8. Spectral responsivity for a GaN photocon-
ductive detector (after Ref. 35).
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Huang at al. [37] have reported the first 1x16
GaN linear array using a metal-semiconduc-
tor-metal structure and a conventional lift-off
technique. Semi-insulating undoped .GaN mate-
rials were grown by MOCVD at 1100°C. Each
detector element contains 20 fingers on each side.
These fingers are 2 um wide, 500 um long and are
spaced 4 um apart. The element and array are
shown in Fig. 9. The ohmic contacts were made
by evaporating 20 nm Ti, 30 nm Al followed by
120 nm Au, and annealing at 450°C for 5 min in an
N, environment. The dark current for this array at
10 V is only 100 pA. The highest responsivity at
360 nm was ~ 3250 A/W and more than three
orders of magnitude difference in responsivity
between the UV region and the visible region was
observed. Moreover, it has been found that arrays
made from materials grown using a higher NH3
flow rate showed better response time. The best
detector, made from the sample grown under an
NH; flow rate of 2200 cc/m, showed a turn-on
time of 0.3 ms, and turn-off time of 0.6 ms.

(LTSI
|

Fig. 9. Structure of GaN linear array (after Ref. 37).

The kinetic photoresponse of GaN samples has
been reported in several papers [38—42]. P-type
and n-type samples exhibit photoconductivity re-
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sponses at photon energy far below the band-gap
energy. It may be largely related to the deep tail
states created by the high growth temperature, the
large stress arising from the lattice mismatch to the
substrate, impurity incorporation, and impurity co-
mpensation. Photocurrent decay of p-type
GaN:Mg layers on Si substrates for a pulsed input
show a hyperbolic type response [39]. It is hypot-
hesized that holes are captured at either compen-
sated Mg deep acceptor sites or Mg-related
trap/recombination centers, resulting in a greatly
prolonged electron free carrier lifetime. Instead, the
photoconductivity decay of undoped n-type GaN
films is characterized by an initial exponential decay
followed by a quasi-law decay for decades of time
longer than 1 us [42]. The decay rate is insensitive
to the electron concentration and is slightly tem-
perature dependent. The minority carrier relaxation
in n-type GaN is controlled by trapping at gap
states. The trapped holes most probably dissipate
through thermal excitation to the valence band

followed by direct recombination and through tun-
neling to the defect centers that give rise to the
yellow luminescence. The photoconductivity decay
of n-type GaN films is very different from that
controlled by recombination through dislocations.

Kung et al. [38] have studied the kinetics of the
photoconductivity of n-type GaN photoconduc-
tive detectors by the measurements of the frequ-
ency dependent photoresponse and photocon-
ductivity decay. Strongly sub-linear response and
excitation-dependent response time have been
observed even at relatively low excitation levels.
This can be attributed to the redistribution of the
charge carriers with increased excitation level.
Consequence of this effect is decreasing of the
photoconductive gain with increasing in UV in-
tensity, what has been recently observed by Gol-
denberg et al. [43] (see Fig. 10).

The observed kinetics of photoresponse has
important consequences for practical applica-
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Fig. 10. The variation of photoconductive gain with intensity of light at 350 nm (after Ref. 37).

24 Opto-Electr. Rev., 4, N°*1/2, 1996

© 1996 COSiW SEP, Warsaw



tions. The measured lifetimes are too long for
many applications resulting in the frequency de-
pendent responsivity and non-linear response.
This can be changed in a number of ways in-
cluding deliberate introduction of recombination
centers to stabilize response time at a required
level and by reducing the lifetime in short photo-
conductors using contact phenomena. Further
work is necessary to understand the origin and
properties of the deep centers in GaN.

For several applications, such as furnace plot
flame detection, missile plume measurements, and
astronomy, it is highly desirable to move the long
wavelength cutoff below 300 nm to avoid inter-
ference from solar radiation. This is the motivation
for fabrication and characterization of intrinsic
photoconductors using Al,Ga; N epitaxial layers
with x values ranging from 0 to 1 [with cutoff
wavelengths from 200 nm (AIN) to 365 nm
(GaN)] [44-46]. Figure 11 shows the normalized
photoresponse from Al,Ga;xN photoconductors
with x = 1, 0.75 and 0.63. The Al composition

1.0(;
AlLGa, N

x=0.64

o
-

Normalized photoresponse (a.u.)

| | | | J
220 240 260 280
Wavelength (nm)

Fig. 11. Normalized photoresponse of Al.Ga;. N
photoconductors with x = 1, 0.75 and 0.63. The
corresponding cutoff wavelengths are 200nm,
230 nm and 240 nm (after Ref. 46).
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tunes the cutoff wavelength, which varies from
about 200 nm for AIN to 240 nm for Algg3GagasN.
The effective carrier lifetime obtained from the
frequency dependent photoresponse measure-
ments were 35 ms, 25 ms and 17.5 ms for x = 1,
0.75, and 0.63, respectively.

6.2. Photovoltaic detectors
6.2.1. Schottky barrier photodiodes

The first Schottky GaN barriers were reported
over 20 years ago [47]. However due to a fab-
rication procedure, that was not well controlled,
an anomalous behaviour of electrical properties of
these Zn/GaN Schottky barriers has been obser-
ved.

More recently Khan et al. [48] have reported the
fabrication and characterization of Schottky bar-
rier photodiodes on p-type GaN layers. As-grown
2-um-thick material (grown over basal plane sap-
phire using MOCVD) was a n-type conductivity
with residual carrier concentration of 10" em?® and
a room temperature mobility of about 400 cm?/Vs.
Post-growth, p-type conductivity was enhanced
using a 20 min 650°C N, ambient anneal. After
this process, the hole concentration was about
7x10"7 cm® Subsequent to growth, dough-
nut-shaped Cr/Au (2000-A-thick) ohmic con-
tacts were deposited using standard photolithog-
raphic techniques. The inside diameters for the
doughnuts were ranged from 200 gum to 1 mm. For
improving the contact resistivities, the ohmic con-
tacts were annealed in flowing forming gas at 350
A for 1 min. As a Schottky barrier 1500-A-thick
Ti/Au metals were deposited. The estimated re-
sponsivity of these Schottky barriers were 0.13
A/W at wavelenght 320 nm for a normalized area
of 1 mm? The response time of detectors is limited
by the resistance capacitance (RC) time constant
of the measured circuit and was around 1 gs.

It should be noticed that much information
concerning GaN Schottky barriers is under discus-
sion [48]. The barrier height depends on a proce-
dure used for diode fabrication (surface states and
process-induced defects). Figure 12 shows the
barrier height (determined from I-V—T charac-
teristics) of several metals on n-type GaN plotted
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Fig. 12. Relation of barrier height to metal work-
function for n-type GaN (after Ref. 49).

as a function of their metal work function. Binari et
al. [60] reported a barrier height @, of 0.58 eV for
Ti/n-GaN, however another results show that
ligtly rectifying, which indicates very low ®@,. As
seen in this figure, a monotonic increase in @, is
observed as metal workfunction increases. Howe-
ver, the increase does not scale with the workfun-
ction as expected from the relation, q®, = q®,,
— qy, where @, and y are the metal workfunction
and the semiconductor electron affinity, respec-
tively. The electron affinity of GaN has been
determined to be = 4.1 eV. This indicate that the
Schottky barrier height on n-type GaN is also
influenced by other factors besides metal work-
function.

6.2.2. p-n junction photodiodes

The first information about p-n junction GaN
photovoltaic detectors is included in Ref. 35.
Next, Chen et al. [53] have studied two detector
structures grown by low pressure MOCVD, one
n-on-p and the other p-on-n. The p-on-n sample
consisted of the deposition over basal plane sap-
phire of a1 um thick unintentionally doped n-GaN
layer followed by a 0.5 um thick Mg-doped
p-GaN layer. Similarly, the n-on-p structure con-
sisted of a 1 um p-GaN layer followed by a 0.5 um
n-GaN layer. Large area mesa structures were
defined using reactive ion etching (Fig. 13). Oh-
mic contacts were formed using sputtered W for
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Fig. 13. GaN p-n junction structures (after 35).

n- and e-beam evaporated Ni/Au bilayer for the p-
contacts. The spectral responsivity data are plot-
ted in Fig. 14. The maximum responsivity (0.09
A/W) is comparable to that of a UV-enhanced Si
detector.
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Fig. 14. Spectral current responsivity of GaN
photodiodes: (i) UV illumination from n-type side,
(i) UV illumination from p-type side. The ex-
perimentally measured curves (solid lines) are
taken from Ref. 53. The theoretical curves (solid
curves) adjusted to experimental data (dashed
curves) are calculated assuming: L, = 0.49 um, s,
= 0and L, = 1.8 um, s; = bx10* em/s for
photodiode structures illuminated from n-type
and p-type layers, respectively, with the reflection
coefficient r = 0.12 (after Ref. 55).

One of the most important parameters of photo-
diodes is the diffusion length of minority carriers.
Zhang et al. [54] have studied photovoltaic effect
of device structure with p-n junction connected
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back-to-back with a Schottky barrier. They also
estimated the diffusion length of holes in the n-type
Gal layer on 0.1 um. It is rather very short minonty
camier diffusion length. Recently, for the first time,
the minority carier diffusion lengths in n-on-p and
p-en-n GalN photodiodes have been estimated by
Malachowski and Rogalski [BB]. The estimation
procedure has consisted in adjustment of theoreti-
cally predicted spectral responsivity of GaN photo-
diodes to experimentally measured responsivity pre-
sented by Q. Chen et al. [53] (see Fig. 14}. It has
been found that due to the strong absorption of UV
radiation in GaM material, the depleted region and
the backside layer of the p-n junction have a minor
contribution to the quantum efficiency. The minority
carrier diffusion length of 1.8 pm and 0.49 um have
been estimated for electrons in the p-type region
and holes in n-type region, respectively.

More sophisticated structures are also used for
the detection of UV radiation. Recently Khan et al.
[66, 57] have reported the GaM/AlGaM hetero-
structure field effect transistors (HFETs) as gated
visible blind photodetectors. The maximum re-
sponsivity of 3000 A/W was achieved at a gate
voltage of about 1 V. The spectral responsivity
falls sharply by two orders of magnitude for wave-
lengths larger than 365 nm, which demonstrates
the visible blind operation of gated photodetector.

7. Other UV detectors

A straightforward way to make a highly selective
{blindless) UV detector is to use a wide-bandgap
semiconductor. Schottky barrier UV detectors have
been fabricated using different semiconductors,
e.g. Zn0 [58], GaAsP [69—-61], and diamand [62].
Constant et al. [63] have presented GaAs photo-
conductive detectors with static responsivity values
of 107=10% A/W in UV spectral range. The principal
advantage of GaAs detectors lies in the high crys-
talline quality of the material and its weell-known
processing methods. Misra et al. [64] have presen-
ted preliminary results concerning fabrication and
characterization of BNP photoconductive detec-
tors. This alloy system is an attractive material for
UV application because its bandgap can be tuned
in the UV region {between 200 nm and 400 nm}.
Recently, for the first time, the dramatic improve-
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ment in diamond photocenductive characteristics
(10° higher response to 200 nr than visible wave-
lengths, dark current < 0.1 nA) has been achieved
following methane-air treatment of the polycrystal-
line material [65].

Conclusions

Currently, the old detection techniques used in
UV technology (photographic films, detectors ba-
sed on gas photoionization, and photoemissive
detectors) are replaced by semiconductor photon
detectors where higher sensitivity, more quan-
titatively accurate photometric information, or
more immediate data availability is required. The
semiconductor detectars offer small size, rugged-
ness, and ease of use. Expansion of the semicon-
ductor industry and the continuing emphasis on
the development of low-light-level imaging sys-
tems for military and civilian surveillance applica-
tions ensure the dominant position of these detec-
tors in the near future. Manufactured using proven
wafer-seale silicon or |11-V processing techniques,
they are inherently cheaper and provide high
guantum efficiency. However, Si photodetectors
require bulky band filters to block the visible solar
radiation background and are intolerant of eleva-
ted temperatures and caustic environments. With
the use of wide bandgap semiconductors (like
Gal or diamaond), the need for these filters will be
largely eliminated simplifying the design of the
spectroscopic manitoring equipment. Moreover,
these devices are potentially free from the men-
tioned shortcomings; they are capable to operate
at high temperatures and hostile environments.

Interest in new generation of wide bandgap
semiconductor detectors stems in part from the
fact that the earth’s atmosphere is opaque at
wavelength below 300 nm. To take advantage of
this optical window, earth to space communica-
tion will need detectors that are UV sensitive but
blind to the ambient visible radiation. Another area
where these detectors can. find applications is in
the combustion monitoring of gases where UV
emission is a normal byproduct.

Semiconductor diamond is of considerable in-
terest for UV detectors from a basic physical
properties. Unfortunately, diamond of a good-e-
nough quality is not readily available, and approp-
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riate technology is far from being mature. Howe-
ver, recent progress in diamond thin films techno-
logy is promising for future applications.

Unlike SiC, which is another wide bandgap
semiconductor with demonstrated n- and p-type
doping and excellent power device performance,
one notable advantage of llI-V nitrides is that they
form direct bandgap heterostructures, have better
ohmic contacts and heterostructures. Because of
this, it is anticipated that Il1-V nitrides may even-
tually prove to be more promising than SiC for
optoelectronic devices.

The future direction in research and develop-
ment of GaN-based UV detectors (mainly photo-
diodes) judges from the remarkable progress in its
performance attained over the last few years.
A late news paper at International Electron Device
Meeting announces the first observation of sti-
mulated emission from a current injected
InGaN/AlGaN double-heterostructure diode [66,
67]. The major obstacle prohibiting the sort of
improvement needed is the large concentration of
defects, although some attribute some of the
shortcoming to processing related problems. Lar-
ge concentration of defects (10’=10" cm™?) in
GaN structures manifest themselves as short car-
rier lifetimes and reduced photoluminescence in-
tensity. Further progress will more likely be due to
the use of better matched substrates. A great deal
of effort is presently being expended in laborato-
ries everywhere to search for a better substrate
(LiGaO,, LiAlQ,, and MgAl,O, appear to be pro-
mising candidates) or compliant base to decrease
the defect generation, and thus increase quantum
efficiency and photoconductive gain of detectors
[68].
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