
Chapter 9
Solar- and Visible-Blind AlGaN
Photodetectors

Moritz Brendel, Enrico Pertzsch, Vera Abrosimova, Torsten Trenkler
and Markus Weyers

Abstract This chapter presents an overview on UV photodetectors based on the
AlxGa1−xN material system. After an introduction into the field of UV photode-
tection and material-related issues, the main physics, the operation principles, and
characteristic parameters of the most popular photodetector device types will be
briefly addressed including the photoconductor, the Schottky barrier diode, the
metal–semiconductor–metal structure, the p-i-n diode, the avalanche detector as
well as the phototube and the photomultiplier tube. Further, scientific results on
AlxGa1−xN-based photodetectors are compiled in order to illustrate the potential of
the different photodetector device types for a wide range of UV applications. And
finally, the state-of-the-art of commercially available photodetectors for UV
detection and monitoring is discussed.

9.1 Introduction

The ultraviolet (UV) portion of the electromagnetic spectrum, i.e., electromagnetic
radiation in the wavelength range between 400 and 10 nm, is divided into several
subranges, e.g., UV-A (380–315 nm), UV-B (315–280 nm), UV-C (280–200 nm),
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and VUV (200–10 nm),1 which help to classify optoelectronic devices, i.e., emitters
and detectors, by their operational range. A photodetector (PD)2 sensitive only in
the UV range thus can be visible-blind or even solar-blind whenever detection
capability is limited to wavelengths below 380 or 280 nm, respectively. Application
fields for such devices in industry, military, medicine, and science include UV
dosimetry, flame sensing, non-line-of-sight communication and biological as well
as chemical sensing. Some specific examples are

• UV lithography (193 nm)
• UV curing of paints, adhesives, compounds, and polyester plastics (e.g.,

365 nm)
• Disinfection of water, air, and surfaces (240–290 nm)
• Detection of corona discharges (<280 nm)
• Missile plume detection and combustion engine control
• Chemical and biological threat detection
• UV spectroscopy
• UV astronomy.

As an example, UV-C lamps for water and air disinfection have to be monitored
in order to detect failure and to ensure the required UV-C dose. As long as mercury
medium pressure lamps are used in such systems,3 for an accurate measurement of
the UV-C dose of the 254 nm line, the parasitic UV-A and UV-B emission has to be
excluded. Similar examples are the imaging of corona discharges at broken trans-
mission lines or of missile plume and other launching actions, which are usually
against a daylight background within the earth’s atmosphere. III–V semiconductor
materials bearing the possibility to design the spectral properties of a PD accord-
ingly, without the use of an external spectral filter, that is costly and tends to age
under UV radiation, are favorable in such applications.

The ternary AlxGa1−xN material system spans a range of bandgap energies
between those values for the binaries GaN with 3.5 eV and AlN with 6.2 eV [1],
covering band edge cut-offs between about 360 and 200 nm, respectively.
AlGaN-based PDs are visible-blind and solar blindness can be tuned via the Al
mole fraction with xAl � 0:45, where alternative materials, such as Si, GaAs, GaP,
and SiC are not intrinsically blind to visible portions of the spectrum. Radiation
hardness and the capability to withstand high-thermal stress due to the wide direct
energy gap put the AlGaN system in favor for its usage in a number of UV
applications. High values for spontaneous polarization along the c-axis of the
wurtzite cell as well as a strain-dependent piezoelectric polarization have to be
considered, since both affect the optical and electrical properties of III-nitride
devices consisting of heterojunctions [1]. However, with increasing Al content

1VUV: vacuum UV.
2The abbreviation PD will be used for photodetector and photodiode throughout the text.
3Hg-lamps deliver the required intensities between 10−4 to 0.1 W cm−2, where UVC-LEDs with an
output of 10−4 W cm−2 are commercially available but are still too weak for water disinfection.
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several difficulties had to be dealt with during the past two decades of UV pho-
todetector development.

• First of all, due to the tensile strain resulting from lattice and thermal mismatch,
the heteroepitaxial growth of an AlxGa1−xN layer of a certain thickness directly
on a GaN/sapphire template is limited to AlN mole fractions below about 30 %
before cracking of the layers occurs (see e.g., [2] and references therein).
Material defects, such as stacking faults, threading dislocations and grain
boundaries are usually known to deteriorate the performance of any optoelec-
tronic device. Several approaches to grow high-quality AlxGa1−xN material have
been reported, e.g., the use of low-temperature (LT) AlN buffer layers [3],
superlattices of GaN/AlN [4], GaN/AlGaN, and AlN/AlGaN [5] layers and
different epitaxial lateral overgrowth techniques [6–8]. Anyway, in terms of
back-illuminated PDs, the substrate as well as the buffer layers may limit the
short-wavelength performance due to the onset of absorption, hence the material
should be chosen reasonably.

• Another major issue is the p-type conductivity of AlxGa1−xN layers. Doping of
GaN with Mg introduces a shallow acceptor level of the substitutional mag-
nesium on a gallium lattice site MgGa with an ionization energy of 200 meV [9].
But due to the passivation of incorporated Mg by hydrogen, a post-growth
annealing step at temperature above 600 °C is necessary to obtain conductive
p-type GaN:Mg [10, 11]. Maximum hole concentration of about 1018 cm3 for
Mg concentration of about 3.3 × 1019 cm3 can be achieved [12], and a further
increase of the Mg concentration leads to a subsequent decrease of the free-hole
concentration since the MgGa acceptor is expected to self-compensate via the
nitrogen vacancy V3þ

N [13, 14]. With increasing xAl, the ionization energy of the
magnesium acceptor level also increases up to 0.51 eV in AlN [15, 16] resulting
in a strongly reduced concentration of free holes in AlN:Mg compared to GaN:
Mg for the same net acceptor concentration.

• Last but not least, the development of proper ohmic contacts to both n- and
p-type AlxGa1−xN layers as well as the formation of non-leaky Schottky-type
metal-AlxGa1−xN junctions are not straight forward. The main issue concerning
ohmic contacts is the absence of a metal with sufficient work function, so that a
thermal annealing step after the metallization is necessary to obtain ohmic
behavior of the respective metal-AlxGa1−xN junction. For an n-GaN layer, this
can be done using Ti/Al layers annealed at 900 °C for 20–30 s and for a p-GaN
layer by annealing Ni/Au for 30 s at 700 °C [17, 18]. These examples illustrate
that devices with n-type as well as p-type ohmic contacts need two different
process steps for contact formation due to the differences in annealing temper-
ature and time. From the above–mentioned, it seems that Schottky barriers to the
AlxGa1−xN material—with barrier heights between 0.1 eV using Ti and more
than 1.1 eV for Pt—would be easily produced by just leaving out the annealing
step. But also a proper surface treatment prior to metallization, e.g., removing
native oxides by Nþ

2 ion sputtering [19] or HCl wet etching [20], has to be
ensured for the desired metal-AlxGa1−xN combination. Dependent on the metal
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used the thermal stability of Schottky contacts is limited since above where
annealing effects set in the electrical behavior of the contact changes. Thus, it is
necessary to arrange the process flow accordingly, i.e., any ohmic formation
needs to be done prior to a Schottky metallization and the thermal range of device
operation must be chosen reasonably. Since a number of metals have already
been used to process the ohmic as well as the Schottky contacts, the interested
reader is referred to the comprehensive review article of Pearton et al. [21].

However, during the last two decades, many research groups have developed
different strategies to deal with those difficulties. Although a number of review
articles on III-Nitride UV photodetectors have already been published (e.g., [22–28]),
a summarized view on the development of some device types will be presented and
various approaches to achieve high-performance devices will be addressed in this
chapter.

9.2 Basics of Photodetectors

In this section, the relevant basics about photodetectors will be introduced. After a
part covering physical essentials of photodetection, the structural and operational
principles of certain photodetector types are presented. We emphasize here that this
collection is based on several contributions from the literature to which the reader is
referred for deeper insights into the matter, e.g., [29–35]. A complete coverage is
not possible here due to the limited space. Nevertheless, a sufficient backbone
should be available after the study of this section, in order to handle the more
material and research-related parts that follow in Sect. 9.3.

9.2.1 Characteristic Parameters and Phenomena

The main physical parameters that determine the properties of a photodetector (PD),
such as optical properties, quantum efficiency and responsivity, rise and fall times,
linearity as well as noise properties, will be introduced.

9.2.1.1 Optical Properties of Semiconductors

The dielectric function of a solid determines its optical constants, i.e., its refractive
index nref and extinction coefficient j. On the one hand, these quantities define the
reflected portion Rji (see Fig. 9.1a) of an optical signal of power PjðkÞ incident on a
material i with ni and ji within a medium j with nj and jj ¼ 0 [36]
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Rji ¼ ðni � njÞ2 þ j2i
ðni þ njÞ2 þ j2i

; ð9:1Þ

where all quantities depend on the optical wavelength k of the incident photons.4

Thus, only the portion Tji ¼ 1� Rji of Pj is transmitted into the medium i. On the
other hand, the optical absorption coefficient aopt;iðkÞ ¼ 4pjiðkÞ=k determines the
number of photogenerated free charges—i.e., electron–hole pairs—and gives a
measure of attenuation of the optical power P along the distance x according to
Lambert-Beers law PðxÞ/ exp �axð Þ. Considering the fundamental band-to-band
absorption process, shown in the bottom image of Fig. 9.1a, i.e., intrinsic excitation
of electrons from the filled valence band states with energies Einitial �EV to the
empty conduction band states with Efinal �EC, a threshold wavelength
kthr � hc=Egap for photoabsorption can be derived, where h is Plancks constant, c is
the vacuum velocity for electromagnetic radiation and Egap ¼ EC � EV is the direct
or indirect bandgap energy of the material. By further neglecting absorption pro-
cesses from or to energy levels within the bandgap, kthr therefore defines the
wavelength range of the material suitable for photodetection. Figure 9.1b sum-
marizes spectra of aopt at about room temperature for various indirect (Si, GaP, SiC,

(a) (b)

Fig. 9.1 a (Top) Beam propagates through medium j, impinges on surface of material i and is
attenuated within material i due to absorption, (bottom) schematic of fundamental band-to-band
absorption process. b Optical absorption coefficient aopt for various semiconductors (Si: dashed
[35] full [37], GaAs: dashed [38] full [37], GaP [37], 4H–SiC [39], ZnO [40], AlGaN [41],
diamond [42, 43])—for further explanation see text and footnote 5

4This (k)-dependence will sometimes be omitted for the sake of clarity.
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and diamond) as well as direct (GaAs, ZnO, and AlGaN) semiconductor materials
suitable to fabricate photodetectors with kthr ranging from the near infra-red
(NIR) to the UV-C region.5 Si, GaAs, and GaP show relatively high values of
aopt � 103 cm−1 for wavelengths above 380 nm, unlike the wide bandgap materials
ZnO, SiC, AlxGa1−xN, and diamond, which thus are attractive alternatives for
visible-blind or solar-blind photodetection.

9.2.1.2 Quantum Efficiency and Responsivity

The quantum efficiency (QE) of a photodetector, also called the external quantum
efficiency (EQE), is an experimentally accessible quantity. It is given by the ratio of
electric charge measured in an external circuit and the number of incident photons
upon illumination on the active area. Thus, it can directly be determined via
measurement of the device photocurrent IphotoðkÞ when the optical power PoptðkÞ of
the incident photons with energy EoptðkÞ is known [31]

gextðkÞ ¼
# chargemeasured
# photons incident

¼ IphotoðkÞ=q
PoptðkÞ=EoptðkÞ ; ð9:2Þ

where q is the elementary charge. In order to relate gext to the underlying physical
processes in a device, the theoretical approach put forward by Geist in [33] is
helpful, where the EQE for normal incidence is given by

gextðkÞ ¼ ToptðkÞ � YðkÞ � CEðkÞ ¼ Topt � gint ð9:3Þ

with Topt the fraction of power transmitted into the photodetector, Y the quantum
yield, CE the collection efficiency, and gint the internal quantum efficiency (IQE),
accounting for the recombination losses only by giving the ratio of electron–hole
pairs created and photons absorbed within the device. As long as free-carrier
absorption or impact ionization is negligible, the quantum yield is Y � 1. The
collection efficiency CE accounts for structural and electrical properties (carrier
sweep-out) as well as for optical properties (optical absorption) of a certain pho-
todetector device and it can be calculated by integration of

CE ¼
Z

aopt � exp �aopt � x
� � � PðxÞdx ð9:4Þ

over the whole device along x (c.f. Fig. 9.2a). P(x) describes the carrier collection
probability and can be approximated by drift-diffusion modeling [33]. As a rule of
thumb, P(x) is high (→ 1) where photogenerated carriers are either drifting or are

5Data of aopt was either directly extracted from the literature (tabular: Si, GaAs, GaP [37] or
plot-digitized: Si [35], SiC [39], diamond [42], GaAs [38], ZnO [40]) or calculated from the
dielectric function (all digitized: diamond [43], AlGaN [41]).
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subject to diffusion into field regions, and it is low (→ 0) where recombination
losses become dominant.

Referring to the cross-section of a simplified Pt/n-Al0.5Ga0.5N Schottky barrier
photodetector6 irradiated from the Pt-side, as shown in Fig. 9.2a, the EQE can be
estimated utilizing (9.3) and (9.4) as follows:

1. When the optical constants nref and j of all materials involved are known,7 the
optical transmission in (9.3) can be estimated by

Topt ¼ ð1� Rair�PtÞ � exp �aPt � tPtð Þ � ð1� RPt�AlGaNÞ; ð9:5Þ
where the Rji are calculated from (9.1) and the exponential factor accounts for
attenuation within the Pt-layer of tPt ¼ 5 nm thickness. Multiple reflections in
any layer are neglected.

2. Assuming, that the photogenerated carriers within the space charge region
(SCR) of width wSCR ¼ 250 nm in the n-type Al0.5Ga0.5N-layer will all be
collected, the carrier collection probability writes

PðxÞ ¼ 1 withinwSCR

0 elsewhere:

�
ð9:6Þ

This is illustrated in the bottom image of Fig. 9.2a.

(a) (b)

Fig. 9.2 a Cross-sectional schematic (top) of a Pt/n-Al0.5Ga0.5N Schottky barrier PD as well as a
possible collection efficiency probability P(x) (bottom) within the device. b The calculated EQE
(blue) and responsivity (red) for finite (full) and zero (dashed) Pt-layer thickness

6A more detailed description of that type of PD will be given below.
7Data for n and j in this example are taken from [44] for Pt and have been derived from the
dielectric function given in [41] for Al0.5Ga0.5N.

9 Solar- and Visible-Blind AlGaN Photodetectors 225



3. The resulting spectral shape of the EQE for the example PD can be calculated as

gext ¼ Topt � 1� expð�aopt � wSCRÞ
� �

; ð9:7Þ

which is plotted in Fig. 9.2b (blue lines, left axis).

The onset of absorption results in an increase in EQE for wavelengths below
about 270 nm. The influence of the optical properties of the Pt-layer, especially its
reflectance, on the EQE is evident when comparing the strongly reduced EQE (full
line) with that for the hypothetical case without the Pt-layer (dashed line), where
Rair�Pt; tPt ! 0 and RPt�AlGaN ! Rair�AlGaN. Further, recombination losses at the
surface, in the bulk, and at the contacts may reduce CE and thus lower the EQE
significantly. Anyway, the main restriction to the validity of (9.2) is a linear rela-
tionship between the photocurrent Iphoto and the optical power Popt

Iphoto ¼ Rsp � Popt , RspðkÞ ¼ IphotoðkÞ
PoptðkÞ ð9:8Þ

with RspðkÞ the responsivity, which is the most fundamental figure-of-merit in
practice to describe a detectors capability to convert an optical signal measured in
Watt into an electric current signal measured in Ampère. When combining (9.2) and
(9.8), the responsivity is related to the EQE via

RspðkÞ ¼ gextðkÞ �
q

EphotðkÞ : ð9:9Þ

The resulting responsivity of the example PD is also plotted in Fig. 9.2b (red
lines, right axis) and the explanations made above for the EQE translate into this
responsivity spectrum, accordingly. But concerning the optical properties of the
Pt-layer, besides a reduction of the absolute Rsp, it can be seen that the presence of
the semitransparent Pt-layer alters the spectral shape from rather flat to increasing
with wavelength, until the Rsp suddenly drops for k[ 255 nm (the RspðEQE ¼ 1Þ
line has been introduced for comparison).

A cut-off wavelength kco is often defined to serve as a spectral measure indi-
cating the operation wavelength range of a photodetector. This spectral cut-off is
defined as the wavelength where the responsivity drops to a certain value, e.g., 50
or 10 %, of its maximum value toward long wavelengths. Just as the threshold
wavelength kthr, it directly corresponds to the onset of absorption and is thus related
to the bandgap energy. The 50 % cut-off wavelength in Fig. 9.2 is 263 nm, indi-
cating a solar-blind operation range for this Pt/Al0.5Ga0.5N Schottky barrier PD.
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9.2.1.3 Rise and Fall Times

The response time for a certain change in measured electrical signal—current or
voltage—upon a change in the incident optical signal intensity is of importance for
photodetection applications. Practically, the rise time srise from the dark signal to
90 % of maximum signal upon illumination and the fall time sfall to 10 %, as shown
in Fig. 9.3a, are the common parameters used for device specification. These time
constants are influenced by several factors which are related to the material prop-
erties, the photodetector structure, and the output circuitry. To illustrate these
relations, we refer to the p-i-n diode structure shown in Fig. 9.3a.8 The equivalent
circuit parameters of a photodiode are illustrated in Fig. 9.3b. According to (9.2),
the static response of a photodiode can be viewed as a photocurrent Ip generated
upon illumination due to the optical signal of power Popt. This current source is in
parallel with the rectifying diode junction and the reverse bias-dependent diode
capacitance CD of the junction. A series resistance RS, in the order of a few Ohms,
accounts for the resistance due to ohmic contacts and the bulk material. Parasitic
inductances in series to RS, e.g., due to wire lines, and parasitic capacitors in
parallel to CD, e.g., due to bond pads, as well as the parallel shunt resistance of the
junction, which is usually >107, are neglected. From that, a low-pass filter behavior
of the photodiode response—current or voltage—upon a modulated incident signal
can be expected. Hence, the dependence of the responsivity Rsp on the signal
modulation frequency f is approximated by [31]

Rspðf Þ ¼ Rsp0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðf =fcoÞ2

q ; where fco ¼ 1
2psr

ð9:10Þ

with Rsp0 the static responsivity and fco the cut-off frequency, also referred to as the
bandwidth of the photodiode. This behavior is shown in Fig. 9.3c for the case of
fco ¼ 3 MHz. The cut-off frequency measures the capability of the photodetector to
follow a frequency-modulated input signal,9 and it is determined by the response
time sr, which depends on different contributions:

• The drift of photo-excited carriers in high-field regions, i.e., the i-layer, of the
device. The respective response time str is set by the field-dependent carrier
transit time ttr and can be approximated by [31]

str � 0:36 � ttr; where ttr ¼ wSCR=ðl � FÞ ð9:11Þ

8A more detailed description of that type of PD will be given below.
9After (9.10) the responsivity drops by a factor of 1=

ffiffiffi
2

p
at the bandwidth fco, which corresponds

to a decrease in power level of −3 dB (*−1/2). Therefore, fco is also called the 3 dB-bandwidth
f3dB.
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with wSCR the width of the space charge region, l the mobility of the traveling
carriers and F the electric field strength. Thus this contribution can be adjusted
by the depletion layer width and the applied bias.

• Diffusion of photo-excited minority carriers in field-free regions, i.e., the p- and
n-regions: The diffusion time before recombination sdiff is given by the minority
carrier lifetime srec via [31]

sdiff � w2

2D
; where D ¼ L2=srec ð9:12Þ

with w the length of the field-free region, D the diffusion constant, and L the
corresponding diffusion length.10 This contribution to the response time is
reduced when w is as small as possible and D is sufficiently large.

• The combination of the load resistance RL to read out the detector signal, the
diode series resistance RS, and the junction capacitance CD leads to a RC-time
constant sRC given by

sRC ¼ ðRS þRLÞ � CD ð9:13Þ

that limits the bandwidth. A reduction of RS and of CD lowers this contribution.
Since CD �A=wSCR with A the junction area, the diode capacitance is lowered
for a small junction area and a wide space charge region.

(a) (b) (c)

8

Fig. 9.3 a The schematic layer structure (top) of a p-i-n diode, rise time srise and fall time sfall
(bottom) of the system response upon signal change. b Equivalent circuit of a photodiode with
readout (simplified, see text). c Low-pass output characteristics of a photodiode response upon a
frequency-modulated input light signal—inset shows dependency of the response time (left axis)
and thus the cut-off frequency (right axis) on the load resistance

10D and L refer to minority carrier values, e.g., electrons with Dn and Ln in a p-type region of
width wp.
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The total response time sr, i.e., rise or fall time, is then estimated as

sr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2tr þ s2diff þ s2RC

q
; ð9:14Þ

where the contributions of str and sdiff , and sRC can be altered by device geometry
and material properties to match the application requirements. In the inset of
Fig. 9.3c, the dependence of the response time sr on the load resistance RL is
shown for 5 Ω series resistance, 1 nF junction capacitance, and vanishing contri-
butions of str and sdiff . The cut-off fco ¼ 3 MHz can be achieved with a load
resistance of 50 Ω and a further reduction in sr is possible for even smaller RL.

A closer look on the recombination lifetime srec of excess carriers, which con-
tributes to the response time sr, is possible by a simple theoretical analysis of tem-
poral changes in the photo-induced free-carrier enhancementDnðtÞ [29]. Considering
mono-molecular recombination processes only, exponential terms of the form
DnðtÞ� 1� expð�t=sgrowthÞ

� �
for signal growth and DnðtÞ� expð�t=sdecayÞ for

signal decay result, which are easy to interpret by means of the respective time
constants11 [29, 32]. When regarding trapping processes in such an analysis, more
complex terms for DnðtÞ then can be approximated which may be used to fit
experimental data—see e.g., the summarizing table given in Sect. 9.2 in Bube [29].
Generally, deep centers with certain capture cross sections for mobile carriers have
been found to cause long lifetimes in transient processes—see also the following
paragraph. Additionally, carrier trapping processes are dependent on external or
internal electrical fields and on temperature. Therefore, unpredictable instabilities
may occur during operation, deteriorating the performance of a photodetector in
applications utilizing modulated radiation sources.

9.2.1.4 Persistent Photoconductivity (PPC)

Rise and fall times of an optically excited system in excess of several 1000 s have
been reported for many different poly- and single-crystalline semiconductor
materials as well as alloys since Kohlrausch examined the residual discharge of a
Leyden jar in 1854 [45]. This phenomenon is commonly termed persistent pho-
toconductivity (PPC) and manifests itself in the transient build-up and decay of a
photo-induced current, which is often found to be well described by a stretched

exponential of the form IðtÞ� exp ð�t=sÞb
h i

, where s is a constant with the

dimensions of time and 0\b� 1 is the Kohlrausch stretching parameter, which
accounts for the microscopic nature of the electronic and atomic relaxation pro-
cesses underlying the non-exponential change in measured conductivity [46, 47].
However, a large amount of literature dealing with PPC in III-Nitrides has been

11The time constants sgrowth and sdecay describe the corresponding change in signal as either an
increase to ð1� 1=eÞ � 64% or a decrease to 1=e � 37% of the maximum signal.
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published so far, and many different models have been proposed to explain the
origin of PPC. An example transient build-up and decay curve of photocurrent in a
GaN MSM photodetector sample is shown in Fig. 9.4. It can be seen that the
photocurrent steadily increases during illumination at a constant optical power.
After removing the light source, several processes are visible during the decay
transient. The multi-exponential function (parameters given in the inset table)
reproduces this switch-off behavior very well. However, there have been theoretical
and experimental investigations considering macroscopic potential barriers at sur-
faces, interfaces, grain boundaries, and doping or material inhomogeneities that
hinder the recombination process, in order to explain the long-decay constants
s� 103 s in conjunction with the huge photoconductive gains *103 observed in
GaN photoconductors [49]. But most of the research reported refers to processes on
the microscopic level, i.e., the trapping of free carriers at localized defects. Park
et al. proposed that PPC in p-type GaN:Mg arises from the bi-stability of a nitrogen
vacancy VN accompanied by a change in the charge state [50]. Ursaki et al. reported
for n-type GaN:Si that their measurements of photoconductivity reveal a mecha-
nism associated with a broad distribution of electron traps located 2.2 eV below the
conduction band [51]. They also concluded that rather the gallium vacancy VGa or
the nitrogen antisite NGa may be the possible cause of PPC. Katz et al. proposed a
model for PPC in n-GaN-based Schottky barrier PDs that considers the electron
re-occupation of the filled hole traps at the semiconductor–metal interface after
switching off the illumination, which then leads to a gradual recovery of the
Schottky barrier [52].

Fig. 9.4 Transient build-up (left) and decay curve (right) of photocurrent in a GaN MSM PD at
5 V bias upon 360 nm illumination. The decay transient can be modeled with a sum of stretched
exponential functions; table lists the relevant parameters used for each contribution (unpublished
data [48])
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However, although the controversy about the origin of the PPC has not come to
an end yet, many AlGaN-based photodetecting devices have been reported that do
not show this unwanted effect. A deeper discussion of PPC is beyond the scope of
this chapter and the reader is referred to the cited work and references therein.

9.2.1.5 Linearity

The linearity between Iphoto and Popt of a photoconducting device plays an
important role, not only to define a power-independent responsivity Rsp as
described in (9.8), but also to achieve reliable device operation. As mentioned for
the rise and fall times, also the linearity is affected by the carrier recombination
kinetics in the absorber material and the equivalent electrical circuit of the pho-
todetector as well as the readout circuit.

Considering trap-free semiconductor material with a dark carrier density n0 and
an enhancement in carrier density Dn upon illumination at an optical generation rate
Gopt (�Popt), the mono-molecular recombination via a single center may be
investigated simply by arguing with rate equations for steady-state conditions [29].
For the insulator case (n0 � Dn), it is found that a square root dependence
Dn� ffiffiffiffiffiffiffiffi

Gopt
p

holds, whereas for the semiconductor case (n0 	 Dn), a linear
dependence Dn�Gopt is valid. Including trapping centers, the situation becomes
more complicated, but it can be summarized to depend on the energetic distribution
of trap states. First of all, a uniform distribution of the density of traps, e.g., below
the conduction band, can change the root dependence for the insulator into a linear
relation. But also an exponential distribution of traps in the insulator case can
change the power of Gopt from 1/2 to 1, when the incident power allows the
light-induced free–carrier density Dn to stay below the density of trapped carriers
DNt. When for high intensity Dn becomes higher than DNt, bimolecular recombi-
nation may dominate and thus Dn� ffiffiffiffiffiffiffiffi

Gopt
p

will be possible—even with trapping.
Any trap-related non-linearities may change certain device properties in an
uncontrollable way and thus are to be avoided.

Even if the material itself responds linearly to an incident photon flux, the
connection to an external circuit causes limitations in the low and high power
regimes. At the low end, the noise-equivalent-power, introduced further below,
limits the photocurrent signal of any type of device. The saturation of photocurrent,
e.g., in a p-i-n PD, at high power levels sets in above a value of about [53]

Popt;sat ¼ q/bi � Ubias

ðRS þRLÞ � RspðkÞ ; ð9:15Þ

where q/bi is the built-in voltage drop across the p-i-n junction at zero bias and
Ubias is the applied bias. Hence, this upper limit can be enhanced by applying a
higher reverse bias (Ubias\0) or utilizing a smaller load resistance. Note also the
dependence on the responsivity.
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9.2.1.6 Detection Capability

The minimum detectable optical power of a photodetector is limited by different
sources of noise. Noise arises either from certain detector properties and the readout
setup, e.g., the noise in an amplifying transistor, or from the statistical fluctuations
of the radiation signal and any significant background radiation during the detection
process. For detailed description of noise sources, the reader is referred to the
literature [31, 32, 54]. A very useful measure to compare the radiation-induced
signal to the total noise of a detection system is the signal-to-noise ratio S/N. When
the noise level in a detection system has been experimentally determined, the
minimum detectable power, the noise-equivalent-power (NEP), can be estimated
from S=N ¼ 1. To compare the performance of different detection systems, the
specific detectivity D
 ¼ ffiffiffiffiffiffi

AB
p

=NEP, with the detector area A and the bandwidth B,
is commonly used. It is clear that the expressions for noise sources and conse-
quently for D* depend not only on the detector type and its design but also on the
readout circuit components used. Thus, when designing the detector and readout for
applications relying on high speed and precision, any noise from the electronic
circuitry must be reduced below the detector noise level.

9.2.2 Various Types of Semiconductor Photodetectors

In this chapter, the principles of design and operation of the most common types of
semiconductor photodetectors will be summarized. This includes the photocon-
ductor, Schottky barrier photodiode (Schottky PD), metal–semiconductor–metal
photodetector (MSM PD), p-i-n PD, and the avalanche photodiode (APD). Due to
increasing interest in the development of wide bandgap semiconductor cathodes for
efficient electron emitters also the phototube (PT) as well as the photomultiplier
tube (PMT) and related issues will also be introduced.

9.2.2.1 Photoconductor

A photoconductive detector, also termed photoconductor, usually consists of a pair of
ohmic electrodes processed on the semiconductor surface (see Fig. 9.5a). A large
detection area can be realized utilizing an inter-digital arrangement ofmultiple pairs of
electrodes. But this planar design also leads to a loss of optical signal due to the
shadowing effect of electrodes. The current in the device is driven by the electric field
between a pair of electrodes, which is adjusted by an externally applied bias Ubias. In
the dark, i.e., when no radiation is absorbed, the dark current Idark is given by Idark ¼
Ubias=Rdark withRdark the resistance givenby the dark resistivity of thematerial (dashed
line in Fig. 9.5b).When the biased photoconductor is illuminatedwith photons having
sufficient photon energy to create free carriers, i.e., Eopt �Egap, the resistivity
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decreases to a value Rillum\Rdark. The photocurrent is then Iphoto ¼ Ubias � ðR�1
illum �

R�1
darkÞ (full line in Fig. 9.5b). When a photoconductor, working in series on a load

resistance Rload, is homogeneously illuminated with photons of optical power Popt

between its electrodes, at Rload ¼ 0 the short-circuit photocurrent Iscphoto is given
by [31]:

Iscphoto ¼
qPopt

Eopt
� gext � g ð9:16Þ

with the elementary charge q, the external quantum efficiency gext, and the gain
factor g. Since electron and hole mobilities usually are different, e.g., le [ lh in
n-type material, the gain factor can be written as:

g ¼ srec;h
ttr;e

; ð9:17Þ

where srec;h is the hole recombination lifetime and ttr;e the electron transit time. Thus,
in photoconductors a photoconductive gain mechanism occurs for certain values of
srec;h and ttr;e ¼ d2=leUbias, since the latter depends on the electrode spacing d, the
electron mobility le, and on the bias voltage Ubias. In a simplified picture, as illus-
trated in Fig. 9.5c, the photo-excited electron will reach the anode earlier than the
hole—indicated by the different arrow lengths—and due to the requirement of
charge neutrality an additional electron has to be injected at the cathode. This
feedback lasts until a trapped hole captures a free electron. Thus, the number of
electron loops increases g. It should be emphasized, that this gain does not refer to
multiple carriers being generated by the absorption process of a single photon, but
rather to the number of loops the faster sort of carriers can traverse the semicon-
ductor before recombining with the slower (or trapped) carriers.

When scaling a photoconductor for an application, the limitations to the pho-
tocurrent due to electric field effects, such as space charge limited current, ava-
lanche and dielectric breakdown come into play. Furthermore, a trade-off between a
high gain factor and a fast response has to be found, since the device becomes slow
when srec is long. The main drawback of a photoconductor is the neccessity of a

(a) (b) (c)

Fig. 9.5 a Cross-sectional schematic of a photoconductor. b Schematic I–V characteristics of a
photoconductor in the dark (dashed) and under illumination (solid) (after [34]). c Schematic band
diagram of the photoconductor biased under illumination
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non-zero bias operation because the dark current levels give rise to additional noise
and thus decrease the detectivity of the device. However, when a metal is available
to form electrodes with ohmic behavior on the semiconductor, the fabrication of
photoconductor devices is rather simple, compared to devices with several epitaxial
layers, e.g., the p-i-n PD or an APD.

9.2.2.2 Schottky Barrier Photodiode

The Schottky barrier photodiode is based on the Schottky-type
metal-semiconductor junction with rectifying current–voltage characteristics. As
shown in Fig. 9.6a, a metal is deposited onto the optically active semiconductor
layer that can be n- or p-type or even undoped. Prior to the moderately doped n-type
(or p-type) absorber layer, a highly doped n+-layer (or p+-layer) is grown to reduce
the contact resistance at the ohmic contact. In the following, a brief description of
the n-type Schottky barrier diode and its characteristics will be given. For a deeper
study on metal–semiconductor contacts, we refer the reader to the detailed mono-
graph of Rhoderick and Williams [55] as well as to a recently published review on
the physics and chemistry of the Schottky barrier by Tung [56]. The left image in
Fig. 9.6b illustrates that for a Schottky barrier contact to be formed, the relation
between metal work function /m, which is measured from the Fermi level EF;m to
the vacuum level Evac, and the semiconductor electron affinity vs, which measured
from the conduction band minimum EC to the vacuum level, is essential. Within the
concept of the Schottky-Mott theory, an ideal Schottky barrier of height /b ¼
/m � vs will be present for electrons facing the junction from the metal side if
vs\/m. Below the metal electrode, a space charge region (SCR) is formed, being
depleted of free electrons. This leads to an increasing electric field toward the

(a) (b)

Fig. 9.6 a Cross-sectional schematic of a Schottky PD. b Band diagram of the
metal/n-semiconductor junction under illumination at zero bias (left), and in the dark reversely
biased Urev\0 V (right top) as well as at forward bias Ufwd [ 0 V (right bottom)
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metal–semiconductor junction due to an approximately constant density of posi-
tively charged ionized donors. This electric field causes an upward bending of the
energy bands toward the surface, such that free electrons in the semiconductor have
to overcome the built-in potential /bi to reach the metal contact. Biasing the
Schottky contact negatively, as depicted in the top right image of Fig. 9.6b,
enhances the potential barrier according to /bi � qUrev, with q the elementary
charge and Urev\0 V the reverse bias. The resulting net thermionic electron
emission from the metal can be expressed as the saturation current density [55]

J0 ¼ A

T2 exp � /b � D/bð Þ=kTf g ð9:18Þ

with Boltzmann’s constant k, Richardson’s constant A

, the absolute temperature T,
and the bias-dependent lowering D/bðUÞ of the Schottky barrier height due to image
forces and dipole interactions at the metal/semiconductor interface. At very
high-reverse bias conditions, band-to-band Zener tunneling or avalanche effects
enhance the free-carrier density very rapidly resulting in the dielectric breakdown.
Contrary, the bottom right image of Fig. 9.6b illustrates a barrier reduction due to
forward bias conditions (Ufwd [ 0V). This leads to an enhanced injection of electrons
into themetal,12 causing thecurrent to increaseexponentially.Thus, the currentdensity
of an ideal Schottky diode in the dark obeys a diode characteristics of the form [55]

Jdark ¼ J0 exp qU=kTð Þ � 1f g ð9:19Þ

with J0 given by (9.18). This relationship is further altered due to trap-assisted or
phonon-assisted tunneling processes through the Schottky barrier, i.e., thermionic
field emission or even field emission, all increasing with electric field strength close
to the junction and thus with reverse bias Urev. Further, shallow as well as deep
energy levels, which can be induced by defects and impurities, may affect the
charge distribution across the SCR and thus lead to a modification of the dark
current characteristics discussed so far (see e.g., [57]).

For a Schottky diode operating as a radiation detector, the bias-dependent
modulation of the depletion region characteristics, i.e., width and electric field
distribution, is essential since photogenerated carriers in the SCR are separated and
swept out by the electric field to contribute a drift current. Excess minority carriers
in the field-free contact layer contribute a diffusion current, if generated within a
diffusion length from the SCR. Thus, on the one hand, the resulting photocurrent
signal Iphoto depends on carrier transport mechanisms, such as the transit time of
excess carriers and the minority carrier diffusion length. On the other hand, the
incident photon flux, absorption coefficient, and minority carrier lifetime determine
photogeneration and recombination processes. The I–V characteristics of a
Schottky PD is very similar to that of other photodiode structures and for brevity,
we refer to that depicted for the p-i-n PD shown in Fig. 9.8b. Accordingly, an

12Electrons are delivered by the ohmic contact.
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unbiased Schottky PD already induces a short-circuit current upon illumination.
This makes the Schottky PD an attractive alternative to the photoconductor that
requires an external voltage.

Considering the design of a Schottky PD for front illumination, semitransparent
metal layers have to be deposited for optimal photogeneration within the SCR near
the Schottky junction, where the field is the highest. Furthermore, to minimize
optical reflection losses, the top metal layer has to be very thin (<10 nm) and
additionally an antireflection coating, optimized to a certain wavelength range, can
be used.

9.2.2.3 Metal–Semiconductor–Metal Photodetector

A metal–semiconductor–metal (MSM) photodetector consists of two Schottky
barrier junctions connected “back-to-back,” as depicted in Fig. 9.7a. It means,
separated metal electrodes are placed in the planar inter-digital arrangement
side-by-side, on the surface of an optically active semiconductor absorber layer. As
the device operation relies on the variation of the SCR regions near the metal
electrodes, as in a Schottky PD, we distinguish the MSM PD from the photocon-
ductor, which has two ohmic contacts and—ideally—no depletion region to sep-
arate photogenerated charges.

Due to the Schottky barrier contacts, the dark current flow is governed by either
thermionic emission, thermionic field-emission or field-emission from the metal
into the semiconductor and the barrier-lowering effects, as mentioned above for the
Schottky PD [55]. But for the MSM device saturation currents for both, electrons at
the cathode and holes at the anode, have to be considered [58]. Bias of any polarity
reverses one electrode and forwards the other (see Fig. 9.7b) resulting in symmetric
I–V characteristics in the dark as well as under illumination conditions (see
Fig. 9.7c). By utilizing analytic expressions for the photocurrent in a simplified
1D-Structure, Sarto et al. found that recombination of photo-excited carriers almost

(a) (b) (c)

Fig. 9.7 a Cross-sectional schematic of an MSM photodetector. b Schematic band diagram of the
MSM biased under illumination. c Schematic I–V characterisitcs of an MSM PD in the dark
(dashed) and under illumination (solid)
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has no effect on the dc characteristics and pulse response of a fully depleted
absorber layer [59].

Due to the lack of a photovoltaic mode for an MSM, additional noise due to the
bias applied has to be considered. However, the small contact area reduces the
device capacitance leading to short RC time constants. Utilizing electrode spacings
of several 10 nm enables for high-speed operation even in the THz range [60, 61].

9.2.2.4 p-i-n Photodiode

The p-i-n photodiode consists of an n-type layer, an undoped i-layer (i = intrinsic),
and a p-type layer. As shown in Fig. 9.8a, additional p+ and n+ layers are used to
form proper ohmic contacts with low contact resistances. In contrast to a
pn-junction, the depletion region of a p-i-n diode is given by the i-layer and can be
chosen to be much wider in order to allow for more efficient absorption as well as
offering a lower junction capacitance, which is useful for high-frequency operation.
Due to an almost constant electric field within the i-layer, the width of the SCR is
nearly independent of the applied bias voltage resulting in a stable operation as well
as increased breakdown voltage Ubr:

Neglecting generation and recombination in the neutral i-region, the dark current
of a p-i-n diode shows a diode behavior similar to (9.19), but with the saturation
current density J0 determined by minority carrier diffusion terms [34]

J0 ¼ qn2i
Dp

LpND
þ Dn

LnNA

� 	
: ð9:20Þ

Here Dj with j ¼ n for electrons and j ¼ p for holes are the diffusion constants as
well as Lj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Djsrec;j

p
the diffusion lengths of the respective minority carriers, with

the carrier lifetime srec;j. Further, ni is the intrinsic carrier concentration, and ND and
NA are the donor and acceptor concentrations, respectively. The dashed line in
Fig. 9.8b illustrates the dark current characteristics of a p-i-n diode. At high-forward

(a) (b) (c)

Fig. 9.8 a Cross-sectional schematic of a p-i-n PD. b Current–voltage characteristics of the p-i-n
photodiode. c Band diagram of the p-i-n junction under illumination at zero bias

9 Solar- and Visible-Blind AlGaN Photodetectors 237



bias, the current will be limited due to the series resistance (not shown in the image)
and at large reverse bias the breakdown due to avalanche effects and band-to-band
Zener tunneling occurs. As illustrated in Fig. 9.8c, photogenerated excess charge
carriers within the i-layer are swept out by the electric field even at zero bias and
contribute a drift current, which is slightly enhanced by applying a reverse bias.
Minority carriers being photogenerated within their respective diffusion length Lj
from the depletion region are also swept across the field region and thus make up a
current related to diffusion. The total photocurrent adds to the dark current as
depicted by the solid line in Fig. 9.8b. However, depending on the illumination
scenario (front or back), special care has to be taken in order to avoid absorption
losses of the incident signal in these field-free layers before entering the absorber
layer. Such absorption losses may be reduced and the diffusion tail in the temporal
current signal can be suppressed, e.g., using very thin p- or n-type layers. Also
appropriate heterojunctions can be used to reduce the diffusion tail: when choosing a
wider bandgap for the doped entrance layer in comparison to the absorbing i-layer,
the radiation within a certain spectral range can reach the i-layer. However, this
approach is challenging in terms of fabrication, regarding the issues with doping and
ohmic contact formation in the III-Nitrides, as will be discussed further below.

9.2.2.5 Avalanche Photodiode

An avalanche photodiode (APD) can be designed in several ways, since its oper-
ation principle is based on a carrier multiplication mechanism by impact ionization
processes at high electric fields near breakdown. Regions of high electric field are
generally the depletion regions that have different field distribution depending on
the device structure and are present below and especially near the edges of a
Schottky-type contact (MSM and Schottky PD) and at the p-n junction or within the
i-layer of the p-i-n PD at a sufficient reverse bias. When a free-carrier gains suffi-
cient kinetic energy ([Egap), i.e., negligible energy loss due to collisions with
the lattice occuring during its travel, the excitation of additional e–h pairs can be
initiated—(1), (2), (1′), and (2′) in Fig. 9.9a—and these impact ionization processes
consequently lead to carrier multiplication. In general, the probabilities of impact
ionization are different for electrons and holes and are described per unit length
(cm−1) via the respective ionization coefficients an and ap, which have a depen-
dence on the electric field strength F as [31]:

ai ¼ ai;0 � exp �Fi=Fð Þc; ð9:21Þ

where i ¼ n; p for electrons and holes, and c, ai;0 as well as Fi are the fitting
parameters to experimental results or calculations. The inset in Fig. 9.9b shows
impact ionization coefficients as a function of the inverse electric field as calculated
by Oguzman et al., for electrons (black squares) and holes (red squares) in wurtzite
phase GaN [62] and fits to these data with (9.21) for c ¼ 1 (full lines). According to
these results, the ionization coefficient for holes is larger than for electrons in GaN
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for electric fields below 3.7 MV cm−1, indicating hole-initiated avalanche processes
to occur at a higher rate. Thus, while the p-i-n I–V characteristics at low fields are as
described above for the other PD types, at high fields the carrier multiplication due
to impact ionization increases the current in the device by the multiplication factor
Mi. These multiplication factors can be derived for any particular PD type. In a p+-
π-n+ diode (π = very low p-type) with constant electric field in the π-region of width
w the multiplication factors can be written as [31]:

Mi ¼ ð1� kiÞ � exp ai � w � ð1� kiÞ½ �
1� ki � exp ai � w � ð1� kiÞ½ � ði ¼ n; pÞ; ð9:22Þ

where kn :¼ ap=an is the ionization ratio, and kp ¼ 1=kn. Multiplication factors
calculated with (9.22) for electron (black) and hole (red) multiplication in Si, GaAs,
and GaN are shown in Fig. 9.9b for an i-layer thicknesses of wSCR ¼ 0:5, where ai
values for Si and GaAs have been calculated after [31] and those for GaN are
shown in the inset of Fig. 9.9b. Thus, for GaN the multiplication of carriers is
expected to set in at electric fields an order of magnitude higher, than for Si and
GaAs. However, since ai as well as the ki are exponential functions of the inverse
electric field, small changes in F cause a very steep increase in Mi near the
breakdown field for kn [ 1. In this case, the stable operation of such a p+-π-n+

diode becomes critical, whenever electrons and holes are injected simultaneously in
the same high-field region. Due to spatial inhomogeneities in either the doping
profile or the width wSCR of the space charge region the electric field strength varies
locally, so that, if an\ap holds, a sudden multiplication of electrons can deteriorate
the device performance or even cause local breakdown effects.

(a) (b)

Fig. 9.9 a Schematic of carrier multiplication in a highly reverse-biased p-i-n structure: Impact
ionization occurs upon electron injection at the p-side. bMultiplication factors calculated after (9.22)
for pure electron (black) or hole (red) injection into the multiplication region of a reverse-biased p+-
π-n+ photodiode based on either Si, GaAs or GaN; the inset shows data (from [62]) for electron and
hole ionization coefficients in GaN with a fit of (9.21) (further explanation in text)
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Thus, it is preferred to separate the absorption region, an i-layer for electron and
hole photogeneration, from the multiplication region, another i-layer, where ideally
one type of carriers is injected to initiate multiplication. The resulting separate
absorption and multiplication (SAM) APD structures are manifold, e.g., the p+-n-v-
n+ (v = very low n-type) or p+-n−-n-v-n+ (lo-hi-lo) structure, and thus, the target
spectral range, the temporal behavior as well as the prevailing carrier type for impact
ionization have to be considered for their design. Experimentally, the multiplication
factor for the photocurrent signal at a fixed bias can be deduced using [31]

Mphoto ¼ IM;photo � IM;dark

Ipr;photo � Ipr;dark
; ð9:23Þ

where IM and Ipr are the multiplied and the primary (unmultiplied) current signals,
respectively. For the detection of modulated radiation, the limitations to device
performance due to a constant product of multiplication factor M and bandwidth
fc�o as well as the influence of noise, measured by the effective excess noise factor,
have to be considered for optimal operation (see e.g., [31, 63]). Finally, it should be
noted, that the breakdown voltage due to avalanche processes increases for
increasing temperature (positive temperature coefficient), since the lattice vibrations
cool down the hot carriers. Zener-tunneling causes opposite behavior (negative
temperature coefficient), since the bound carriers gain energy to overcome the
tunneling barrier at a smaller voltage. Therefore, these processes can be distin-
guished by their temperature dependence.

9.2.2.6 Phototube and Photomultiplier Tube

The phototube is a gas filled or vacuum tube containing an element being sensitive
to radiation due to the external photoelectric effect. Such a tube consists of two
opposite electrodes, cathode and anode, in a sealed glass tube. The cathode, located
at an entrance window either in transmissive or reflective mode, is coated with a
photo-emissive material sensitive to a desired wavelength range. Photons entering
the entrance window hit the photocathode material and excite electrons that may be
released from the cathode surface, if the excess kinetic energy delivered by the

Fig. 9.10 Cross-sectional
schematic of a
photomultiplier tube (PMT)
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photons is sufficiently large, as will be discussed below. The electrons freed at the
cathode are then accelerated toward the positively biased anode and cause an
electric current of a few microamperes in an external circuit. A photomultiplier tube
(PMT) is a modification of the vacuum phototube, where the primary photocurrent
emitted from the cathode is multiplied at subsequent electrodes, the dynode stages
as shown in Fig. 9.10. When every dynode is held at a more positive potential
compared to its prior electrode, electrons in the vacuum gain a corresponding
kinetic energy. Depending on the dynode material, the applied voltage has to be
chosen accordingly, to create secondary electrons at every stage. Thus, an electron
emitted at the cathode hits the first dynode stage and generates secondary electrons
that are accelerated toward the second dynode, and so on, until an increased number
of electrons reaches the anode and causes a current signal that is proportional to the
amount of incident photons. The multiplied current produced by incident radiation
can be enhanced by factors of up to 107 depending on the number of dynode stages.
This enables a PMT for applications where single photons have to be detected.

A PMT can be designed, like the simple phototube, by choosing the suitable
photo-emissive cathode material to meet different wavelength ranges in the UV, the
visible, and the NIR spectral regions. Due to its high sensitivity, a PMT has to be
protected from radiation that may irreversibly harm the dynode coating due to
excessive current levels. As for any photodetector type, the transmission of the
window material limits the spectral bandwidth and height of the device respon-
sivity. The physical processes occuring in the cathode material upon illumination
can be understood utilizing the simple three-step model of photoemission which
was developed by Spicer and Berglund for alkali-antimonides [65–67]. As illus-
trated in Fig. 9.11a, these steps—(1) optical excitation, (2) electron transport in the
p-type solid and (3) carrier escape accross the surface—can be treated separately
[64]. The electron emission efficiency ge of a photocathode is approximated by

ge ¼ ð1� RoptÞ a
y
a

Pe

1þ 1=aLn

� 

ð9:24Þ

with Ropt the optical reflection, a the optical absorption coefficient, ay the
absorption coefficient for excitation into states above the vacuum level, Pe the
probability of electron escape into the vacuum, and Ln the electron diffusion length
in p-type material. Neglecting band bending effects due to Fermi level pinning,
which is caused by a high density of defect levels at the surface, from (9.24) it is
clear that the spectral shape of ge is governed by a threshold energy Ethr ¼ Egap þ v,
where v is the electron affinity of the material defined as the energy distance
between the vacuum level and the bottom of the conduction band right at the
surface (c.f. Fig. 9.10a). Since a modification of electronic surface properties by
adsorbate-induced surface dipoles and surface states—e.g., due to the formation of
a Cs, Cs2O, Li or NF3 adlayer with rather n-type properties on the surface of
p-GaAs [68, 69]—can result in a band bending at the surface below the conduction
band minimum in the bulk material, it is possible to obtain a negative electron
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affinity (NEA), as shown in Fig. 9.11b. The semiconductor NEA may be effective,
corresponding to Evac below the bulk conduction band minimum Eb

C, or true, when
Evac is below the surface conduction band minimum Es

C. For effective NEA, the
affinity v is positive but small and the energy bands are bent downward at the
surface, as it may occur for a p-type semiconductor. If electrons, excited in the bulk,
thermalize to Eb

C and further travel ballistically across the depletion region toward
the surface, they have sufficient kinetic energy to escape from the semiconductor. In
the case of true NEA, electrons thermalized even at the surface have sufficient
energy to escape from the solid. Consequently, in NEA semiconductors the cathode
threshold energy for electron emission is reduced and an enhancement of ge is
achievable. This makes such materials attractive for efficient electron emitters for
the use in phototubes or PMTs.

9.3 III-Nitrides for Solid-State UV Photodetection

The ability to directly tune the detector cut-off wavelength via the Al mole fraction
xAl of the active layer is one of the main advantages of the AlxGa1−xN material
system compared to e.g., SiC, diamond or other elemental materials. This enables
the blocking of unwanted signals with wavelengths above 365–200 nm, depending
on xAl, and thus the exploration of the UV-A, UV-B, and the UV-C spectral region
without the use of additional filters. A comparison of typical responsivity spectra of
Schottky (GaP, GaN, AlGaN) as well as p-i-n (SiC) photodiodes is shown in
Fig. 9.12 (unpublished data [70]). The GaP photodiode EPD-150 covers a wide
range of wavelengths from 150 nm up to the VIS spectral range with EQE levels
between about 8 % at 150 nm and 30 % at 410 nm. In combination with an external
low-pass filter for a cut-off at 365 nm, the spectrum of the photodiode EPD-365
(GaP + Filter) shows cut-offs in the UV-C at about 260 nm and in the UV-A

(a) (b)

Fig. 9.11 a Schematic band diagram of semiconductor/vacuum junction showing three steps of
photoemission of electrons: 1 excitation, 2 transport, and 3 escape (after [64]). b Schematic band
diagram for effective negative electron affinity (NEA) assisted by Cs2O adlayer on the p-type
semiconductors surface
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at about 380 nm. But due to the high-absorption values for GaP for k� 360 nm
(c.f. Fig. 9.1b), the UV-A cut-off results in a rather weak rejection of signals up to
400 nm: The responsivity of 70 mA W−1 at 380 nm corresponds to a quite high
EQE of about 22 %. A similar situation can be observed for a SiC photodiode. Due
to its indirect bandgap, the EPD-280 (SiC) without external filter covers the range
from 200 to 400 nm not showing a sharp cut-off but a peak responsivity of about
100 mA W−1 at 280 nm. An external filter for UV-C limits the detection range from
220 to 315 nm, as it is shown for the SiC EPD-270 (SiC + Filter). So it is possible
to tune a photodetectors spectral range of responsivity using external filters but in
conjunction with the optical properties of the semiconductor used, the spectral
performance is often limited. However, the main drawbacks to be mentioned are the
commercial availability, the price, and the degradation of the filter characteristics.
Whenever precise requirements for a specific UV application rely on the filter
characteristics, the AlxGa1−xN material with its tunable intrinsic cut-off promises
true visible-blind or solar-blind operation, as it is shown in Fig. 9.12 for the GaN
photodiode EPD-365 as well as for the Al0.45Ga0.55N photodiode EPD-280.

Despite the difficulties in AlGaN epitaxy and processing mentioned in the
introduction, the first report on photoconductivity measurements in GaN samples
was by Pankove and Berkeyheiser in 1974. In this early work, the near-gap pho-
toconductivity edge was attributed to the fundamental absorption edge of GaN:Zn
crystals grown by hydride vapor phase epitaxy (HVPE) [71]. The samples were
prepared with soldered indium contacts in order to study the photoconductive
properties of the material as a function of Zn doping. Where as-grown HVPE GaN
films at those times were usually found intrinsically n-type due to very high con-
centrations of nitrogen vacancies [72], an abrupt transition of the electrical prop-
erties from conducting to insulating as well as an enhancement of material quality

Fig. 9.12 Comparison of responsivity spectra for different types of photodetectors (unpublished
data [70])
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was observed as the Zn concentration was increased. From these findings, it was
concluded that Zn atoms would occupy the vacant N sites, and thus reduce the dark
conductivity.

About two decades later, in 1992, Khan et al. utilized a low pressure metal organic
chemical vapor deposition (MOCVD)-based growth technique, called switched
atomic layer epitaxy (SALE), in order to obtain insulating GaN films [3] and shortly
after that they also showed characterisation results of the first UV photodetectors
fabricated on such GaN layers grown on an AlN/sapphire template [73]. The
GaN photoconductors processed had an inter-digital arrangement of Au-electrodes.
The I–V characteristics of those sensors were linear with dark current level as low
as 2 nA at 200 V. At 5 V applied bias, a rather flat responsivity spectrum of 1000 to
2000 A W−1 between 200 to 365 nm was obtained with an abrupt drop in signal by
three orders of magnitude within 10 nm of the band edge (see Fig. 9.13). Despite the
presence of a very high photocurrent gain of 6 × 103 at 365 nm, the response of those
devices at 254 nm was found to be linear over five orders of incident optical power
and the bandwidth was in excess of 2 kHz. In summary, those first results illustrated a
very high potential of GaN material for UV sensing applications.

In the following, many other research groups also succeeded in developing
AlGaN-based UV photosensitive devices such as photoconductors, phototransis-
tors, MSM detectors, Schottky barrier photodiodes, MIS diodes as well as p-n and
p-i-n diodes. Even the integration of AlGaN-based focal-plane arrays to silicon
read-out circuits was achieved and thus the applicability of the III-Nitrides on a
rather complex level of technology was demonstrated [74].

9.3.1 AlGaN-Based Photoconductor

First studies on AlGaN-based photoconductors indicated the potential of
III-Nitrides, despite some findings that might also hamper device operation in
several applications. The high photoconductive gain levels reported led to

Fig. 9.13 Responsivity spectrum of the first MOCVD grown GaN-based photoconductor device
at 5 V bias. Reprinted with permission from [73], Copyright 1992, AIP Publishing LLC
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long-decay times in the ms range and thus device operation was usually limited to
kHz-bandwidths. The gain mechanism was attributed to either the trapping of
photogenerated holes and the resulting enhanced effective electron lifetime [75] or
the light-induced modulation of the conductive volume [49, 76]. Furthermore,
photoconductor devices require biasing, which leads to additional dark current
noise. Thus, specific detectivities reported were as low as 107–109 cm Hz1/2 W−1

[73, 77]. With increasing Al content in the AlxGa1−xN layers, the free carrier
lifetime was found to decrease as the material becomes more insulating. This result
was attributed to an exponential distribution of band-tail states due to the potential
fluctuations which arise from an increasing density of defects [78]. Linear
photocurrent-power dependencies, even over a wide range of power levels [79] as
well as sublinear responses and excitation-dependent response times were observed
[80]. Additionally, metastability and persistent photoconductivity (PPC) effects,
which can lead to decay times in the order of several 1000 s, were observed in
p-type [81] as well as n-type [82] material.

In conclusion, despite the high photocurrents achieved in GaN photoconductors,
the gain-related issues, such as device bandwidth and linearity, restrict that type of
PD to low frequency applications. In addition to that, the difficulties in processing
proper ohmic contacts with increasing xAl impede the development of AlGaN-based
photoconductors for the UV-C range.

9.3.2 AlGaN-Based MSM Photodetector

Metal–semiconductor–metal (MSM) photodetectors based on AlGaN offer some
advantages over other device types considering their simple fabrication process,
since no p- or n-type doping is required and they are easy to integrate in planar
process technology. But as well as the photoconductors, metal–semiconductor–
metal PDs need an external bias to be driven. This complicates the evaluation of
scientific reports, since there is no standard for the bias voltage at which an
MSM PD needs is operated.

However, first GaN MSM PDs were demonstrated with an EQE of about 50 % at
6 V, 350 nm cut-off wavelength, a high rejection to visible-light, and low dark
current of 800 fA at 10 V [83]. MSM PDs are capable of very high-speed operation,
when fully depleted. GaN MSM devices, having 2 μm electrode spacing, with a rise
time of 23 ps and a 3 dB cut-off frequency of 16 GHz have been shown [84]. An
analysis of the MSM PD performance considering bias and electrode spacing
indicates a transit time-limited operation and the modeling of the temporal response
reveals the slower holes, compared to electrons in GaN, to be responsible for a slow
tail measured experimentally (see Fig. 9.14). However, MSM PDs have been
subject to a huge number of publications. In the year 2000, back-illuminated
solar-blind AlxGa1−xN MSM PDs with 260 nm peak wavelength have been pre-
sented [85]. As shown in [86], a significant overlap between the depletion region
below the biased contacts on the front surface and the photon absorption depth at

9 Solar- and Visible-Blind AlGaN Photodetectors 245



the backside of the device has to be created either by increasing the bias voltage or
decreasing the absorber layer thickness sufficiently. For this reason, the EQE found
in [85] increases from about 4.7 % at 4 V to about 48 % at 100 V. The dark current
level in this device stayed below the experimental detection limit of 20 fA.
Operation of solar-blind MSM PDs under 150 °C temperature has been demon-
strated recently [87]. The Al0.4Ga0.6N MSM PD with semitransparent Ni/Au con-
tact electrodes showed a low-dark current in the fA-range at elevated temperature
up to 20 V bias and a breakdown voltage higher than 300 V. At 10 V bias, the peak
EQE of about 64 % at 275 nm and room temperature and was decreased by only
20–40 % with increasing temperature, possibly due to enhanced carrier recombi-
nation losses at elevated temperatures. Pt-AlN MSM detectors with a very low dark
current below 100 fA up to 200 V and a very sharp cut-off at 207 nm showed a peak
responsivity of 0.4 A W−1 at 200 nm for 100 V bias. The reported data (EQE * 2.4
at about 200 nm) indicate a bias-dependent gain. Nevertheless, these results
demonstrate AlN MSMs as suitable candidates for DUV device applications [88].

Al0.4Ga0.6N layers grown on laterally overgrown AlN on stripe-patterned
AlN/sapphire templates turned out to exhibit anisotropic compositional fluctuations
throughout the epilayer [89]. At elevated bias, the solar-blind MSM PDs on this
material operated linearly with incident optical power but with anisotropic char-
acteristics. Devices with electrodes oriented perpendicular to the underlying stripe
pattern showed photoconductive gain (EQE * 77 at 30 V) which was absent in
devices with parallel electrode orientation. An exponential quenching of this ani-
sotropic EQE with temperature increased from room temperature to about 150 °C
was observed and it was suggested that the gain has to be due to a carrier accu-
mulation mechanism at the interfaces between the matrix material with high
Al-content and the Ga-rich stripes with a smaller bandgap [90]. This allows not
only for highly sensitive devices but also for different detector characteristics
integrated on the same wafer.

Fig. 9.14 Measured photo-response transients (scatter) of a GaN MSM PD with 10 electrode
spacing upon pulsed excitation at 267 nm under 25 V. For the modeled data (lines) contributions
of fast electrons and slow holes have been assumed (data taken from [84])
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In summary, a high detection capability achieved by the electrode geometry, the
processing of Schottky-type electrodes as well as the epitaxy of non-intentionally
doped AlxGa1−xN layers within the whole composition range make
the AlGaN-based MSM PD an easy-to-fabricate device. Moreover, by backside
illumination of properly designed MSM PDs, the optical loss due to electrode
shading can be circumvented.

9.3.3 AlGaN-Based Schottky Barrier Photodiode

The first AlGaN-based Schottky-type PD was a back-illuminated 1 mm2 Ti/Au
p-type GaN:Mg device with a zero bias EQE of 50 % at 320 nm
(Rsp� 0:13A.W�1) and a response time of 1 μs [91]. On n-type GaN material
Schottky barrier heights of 0.88, 0.92, 0.99, and 1.08 eV were obtained for Au, Pd,
Ni, and Pt, respectively [92]. A front-illuminated device consisting of a semi-
transparent Pd layer on n-GaN was fabricated and characterized with
Rsp� 0:18A.W and a RC-limited decay time of 118 ps [93]. Dominant leakage
current mechanisms through GaN—as well as AlGaN-Schottky interfaces were
recently found to be well described by donor-like surface states which reduce the
depletion width and enhance tunneling transport processes [94]. Photoconductive
gain mechanisms were attributed to the trapping of minority carriers at the
semiconductor/metal interface in conjunction with a subsequent reduction of the
Schottky barrier height, such that electron tunneling processes through the barrier
are enhanced [52]. UV-B photodetectors with an active Al0.25Ga0.75N layer grown
on an Al0.2Ga0.8N/GaN superlattice layer (SL) stack showed superior device per-
formance compared to those PDs without SL [95]: Dark current as low as 100pA at
−5 V, zero bias responsivity of 97 mA W−1 and specific detectivity of 8 × 1013

cm Hz1/2 W−1 at 290 nm were reported. Solar-blind AlGaN Schottky photodetec-
tors with a diameter of 800 have been fabricated [96]. These devices on
AlN/sapphire templates consisted of a semitransparent Ni/Au contact on 200 nm
undoped i-Al0.5Ga0.5N deposited on a doped n-AlGaN layer contacted with Ti/Al
ohmic contacts. These devices showed responsivity in the range between
100–265 nm under front illumination. High-quality AlN Schottky PDs on an n-type
SiC substrate showed a cut-off at 210 nm and a zero bias peak responsivity of
0.12 A W−1 at 200 nm corresponding to an EQE of about 74 % (Fig. 9.15). The
very low dark current levels of below 1 pA up to 150 V reverse bias as well as
the zero bias detectivity of about 1015 cm Hz1/2 W−1, which is comparable to the
detectivity of conventional PMTs, demonstrate the potential of AlN Schottky
diodes for DUV optoelectronic device applications [97].

The AlGaN-based Schottky-type photodetectors developed so far show low dark
currents due to the blocking Schottky contact, and despite the use of semitrans-
parent metals, high values for the zero bias EQE could be achieved. In comparison
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to the MSM PD, the difficulties of doping and ohmic contact formation with
increasing xAl remain an issue for that type of PD.

9.3.4 AlGaN-Based p-i-n Photodiode

The device structure of a visible-blind GaN based p-i-n photodiode usually consists
of an n-type GaN:Si layer with a free-electron concentration of n * 1019 cm−3

followed by an intrinsic GaN region with a background concentration of n * 1016

cm−3 and a top p-type GaN:Mg layer with a hole concentration ranging between
1017 to 1018 cm−3 (see e.g., [98]). Additionally, highly doped n+- and p+-type layers
are utilized to lower the contact resistance at the device terminals. After
mesa-etching down to the n-layer region, proper ohmic contacts with low contact
resistances need to be processed on both of the doped layers. An entrance area for
the device can now be realized for front- or backside illumination. In both cases,
optical losses due to reflection at interfaces as well as due to absorption need to be
minimized. For front-illuminated PDs, meshed contacts on the p-layer can be used
to reduce electrode shading losses [99]. GaN devices with a semitransparent
p-Al0.13Ga0.87N entrance window on top of the photoactive intrinsic GaN region
have been reported [100]. An ohmic Ni/Au contact ring on an etched p+-GaN cap
layer defines the entrance window to the absorber layer, which was passivated by a
SiO2 layer. The EQE spectrum at 1 V is flat on a level of about 45 % in the band
between 365 to 330 nm and then decreases toward short wavelength due to the
onset of absorption in the p-AlGaN layer. For back-illuminated GaN p-i-n devices,
an n-Al0.28Ga0.72N layer/i-GaN heterojunction was used and a zero bias EQE of
75 % at 355 nm could be obtained [101]. To achieve solar-blind operation in
back-illuminated devices, all layers below the active AlxGa1−xN layer with

Fig. 9.15 External quantum
efficiency of a hybrid
Pt-AlN/4H-SiC Schottky PD
biased at −10 V; the inset
shows the device structure
with SiO2 passivation layers
(EQE calculated from [97])
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xAl � 0:45 have to be transparent for the incident radiation. Hence, either substrates
opaque to UV-C radiation (Si, SiC) have to be removed or sapphire has to be used.
Using this approach, the responsivity of a back-illuminated device is spectrally
limited to a narrow wavelength band, which is defined by the different bandgap
energies in the layer stack. Besides a sufficient optical transparency, the electronic
properties of the n- and the n+-AlxGa1−xN layers have to be properly optimized in
order to achieve low-series resistance, i.e., high mobility and electron concentration.
At xAl of about 60 % an electron mobility of 20 cm2 V−1 s−1 and electron con-
centration of 1 × 1019 cm−3 could be achieved at room temperature, which resulted
in a zero bias EQE of 58 % at 274 nm for solar-blind p-i-n PDs [102]. The
minimization of any voltage drop across the p- or the n-layers is necessary in order
to confine the depletion region to the i-layer and also to enhance the carrier col-
lection efficiency CE due to reduced minority carrier losses [103]. Record high zero
bias EQE values of about 80 % at 275 nm have been reported recently for the
back-illuminated solar-blind diodes (see Fig. 9.16) [104]. The high quality of a
Si-In co-doped n+-type Al0.5Ga0.5N window layer with resistivity, mobility, and
carrier concentrations of 1.55 × 10−2 Ω cm, 74 cm2 V−1 s−1, and 4.41 × 1018 cm−3,
respectively, is claimed to significantly contribute to these results.

Since specific detectivities in the range between 1013 and 1015 cm Hz1/2 W−1

have been reported during the last two decades for p-i-n-type PDs [99, 105–107], it
is an attractive alternative device to the PMT whenever low intensity signals have to
be detected. Even flame luminescence detection between 250 to 280 nm in the nW
cm−2 range was demonstrated under fluorescent room light with a front-illuminated
n-Al0.44Ga0.56N/i-Al0.44Ga0.56N/p-GaN/p-mesh heterojunction photodiode [108].

Due to the heterojunctions in a p-i-n sample stack, the effects of piezoelectric
polarization (in combination with the spontaneous polarization of the absorber
layer) have to be considered. According to modeling results of Kuek et al., dealing

Fig. 9.16 Responsivity spectra of back-illuminated solar-blind p-i-n PDs biased up to −5 V, the
maximum peak responsivity at −5 V of about 200 mA/W corresponds to 89 % external quantum
efficiency. Reprinted with permission from [104], Copyright 2013, AIP Publishing LLC
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with the effect of polarization charges in a UV-B p-GaN/i-Al0.33Ga0.67N/n-GaN PD
[109], the polarization-induced interface charges increase the barrier to carriers
photogenerated within the GaN regions resulting in an enhanced rejection of UV-A
radiation.

The development of p-i-n PD profits from the advancing development of
AlGaN-based emitting devices, such as LEDs and laser diodes, and vice versa.
However, the uniformity of the high electric field and its confinement to the i-layer
both play key roles concerning device stability and reliability. A broad range of the
UV-region could be covered by the utilization of heterojunction devices as well as
the backside illumination approach. The doping and contact formation issues are
usually handled by utilizing a sophisticated layer structure including heterojunc-
tions. Therefore, any progress in the fabrication of AlGaN-based p-i-n PDs supports
the development of AlGaN-based avalanche photodetectors, discussed in the next
paragraph.

9.3.5 AlGaN-Based Avalanche Photodetector

An avalanche photodiode (APD) is usually realized utilizing carrier multiplication
in an optimized structure of the p-i-n diode type or the SAM photodiode introduced
in Sect. 9.2. However, avalanche multiplication due to soft breakdown character-
istics is also found for many of the conventional AlGaN-based devices. These
results will be discussed first.

A visible-blind MSM structure with its planar rectifying electrodes is subject to
enhanced electric fields within the semiconductor at the metal contact edges.
A maximum field strength of 3.5 MV cm−1 at a bias of 134 V was estimated by
simulating the electrical properties of such a device. These fields are high enough to
initiate impact ionization, such that an avalanche gain of more than 1188 at 145 V
was measured [110]. For a solar-blind p-i-n structure, a maximum optical gain of
700 at a reverse bias of 60 V was achieved without evidence of abrupt breakdown
[111]. The electric field strength at the onset of impact ionization was estimated to
be about 1.7 MV cm−1. A solar-blind Schottky PD was reported with 1560 gain at
68 V and a detectivity as high as 1.4 × 1014 cm Hz1/2 W−1. For the Pt/AlN
Schottky PD on an n-SiC substrate a gain as high as 1200 at 250 V reverse bias was
obtained [112]. In all cases mentioned, the bias- and temperature-dependencies
have been investigated in order to rule out Zener-tunneling or photoconductive gain
as dominant mechanisms for the breakdown process.

Homoepitaxial GaN APDs, illuminated from the top-side, have been reported by
Dupuis et al. [113]. As shown in Fig. 9.17, an almost constant and low-leakage
current level of 5 × 10−9 A cm−2 below 20 V as well as an avalanche gain
exceeding 100 have been achieved.

GaN p-i-n APDs fabricated on bulk GaN substrates have been demonstrated
with an optical gain of 104 at 280 nm under front illumination, dark current den-
sities below 10−7 A cm−2 up to 45 V, and breakdown voltage of about 92 V, which
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corresponds to 2.6 MV cm−2 for this structure [111]. For a number of AlGaN
APDs, a broadening of the responsivity edge near cut-off was found at elevated
reverse bias voltage [112, 114, 115]. This can be attributed to the Franz–
Keldysh-Effect, but also an impurity-related absorption band located in the depleted
part of the p-GaN at the p-i junction is suggested to be involved in such behavior.

For stable operation of APDs in Geiger-mode—i.e., at a certain over-voltage
above breakdown—spatially uniform multiplication regions, free of microplasmas
due to defects in the material, are essential. An APD then can be temporarily
over-biased with μs-pulses to avoid a large multiplication of the dark current [116].
This enables photon-counting measurements with sufficient gain, where usually
PMTs are used. In such experiments, instead of EQE and dark current, the photon
detection efficiency (PDE), which is determined by the ratio between recorded and
incident pulses, and the dark count rate, i.e., the average number of counts per
second, give the significant figures-of-merit. In the year 2000, HVPE grown GaN
π-i-n APDs have been demonstrated at 300 K with a PDE of 13 % at 325 nm and a
dark count rate of 400 kHz [117]. Also solar-blind AlGaN-based p-i-n APDs have
been fabricated and a multiplication gain of 700 at 60 V reverse bias was obtained
[118].

Recent results on the performance of back-illuminated separate absorption and
multiplication (SAM) AlGaN solar-blind APDs of p-i-n-i-n structure showed a low
dark current density of 1.06 × 10−8 A cm−2 at 20 V reverse bias and a multiplication
gain of about 3000 at 91 V [115]. An even higher gain of 1.2 × 104 at 84 V reverse
bias was realized recently by Zhen et al. exploiting the higher ionization coefficient
for holes along the (0001) direction of wurtzite GaN mentioned above, in a SAM
structure (p-i-n-i-n) in the back-illuminated configuration [119]. Although these and
comparable results promise AlGaN-based APDs to be superior to PMTs or Si-based
photon-counting units, besides the AlGaN APD also the readout electronics have to

Fig. 9.17 I–V characteristics
of a front-illuminated
homoepitaxial GaN APD
(p-i-n) in the dark and under
illumination; the
multiplication gain is also
shown on the right axis.
Reprinted from [113],
Copyright (2008), with
permission from Elsevier
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be considered. It means, even if the background noise is low for a wide-bandgap
detector, the readout circuit noise may limit the measurement of single photons in a
given sampling time. Hence, rather than the NEP, the number of rms noise
equivalent electrons with no signal incident is considered as figure-of-merit to
properly design a photon-counting sensor [120].

The effects of polarization on the device characteristics of a back-illuminated
AlGaN SAM PD have been modeled by Dong et al. [121]. According to their
analysis, an increase in Al mole fraction of the p-AlGaN layer results in a signif-
icant reduction of avalanche breakdown voltage of the APDs. Moreover, the
introduction of a polarization-induced electric field in the multiplication region
leads to an increase in multiplication gain. Finally, by utilizing the
polarization-doping effect in the p-type AlGaN layer, the simulated maximum gain
of the APDs could further be increased.

As pointed out above, the p-i-n PD is the basis of the APD or the SAM PD. In
order to meet the conditions of photon-counting applications, due to the structural
complexity on the one hand, and the requirement of well-defined as well as
homogeneous high-field regions on the other hand, the highest level of device
reliability has to be achieved. However, the scientific results presented clearly prove
the possibility to obtain outstanding performance utilizing AlGaN-based APDs—
even in a wide range of the UV.

9.3.6 AlGaN-Based Photocathode

For clean n- and p-GaN(0001) surfaces Eyckeler et al. experimentally derived work
functions of 3.88 and 3.6 eV and revealed the existence of depletion and inversion
layers, respectively [122]. An exposure of p-GaN to oxygen followed by Cs
deposition was found to lower the vacuum level to about 0.7 eV below the bulk
conduction band minimum—i.e., a negative electron affinity (NEA) results [123].

Machuca et al. investigated the oxygen species in Cs/O activated p-type
GaN NEA photocathodes utilizing synchrotron radiation photoemission spec-
troscopy to monitor the oxygen during the activation of NEA as well as during
operation of the photocathode under UHV conditions [124]. An ion of molecular
oxygen was found to be the dominant chemical species of oxygen in the thin Cs/O
adlayer that activates the GaN surface. After about 10 h of UV illumination, a decay
of the QE from *20 % to less than 10 % within further 7.5 h was observed. An
analysis of the valence band and core level states revealed a physical alteration of
the Cs/O layer causing a change in the electronic structure of the initial di-oxygen
from a −2 charge state to the −1 charge state during the QE shift.

Siegmund et al. reported about the stability of their p-GaN (Cs) photocathodes
[125]. The QE has not vanished after an atmospheric pressure N2 exposure and can
be recovered to >50 % of the initial QE by a vacuum bakeout at 200 °C. Only the
long wavelength QE near cut-off is found to be significantly changed, as assumed
from electron surface escape characteristics. A photocathode in a sealed tube was
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found to be stable over 3 years, as shown in Fig. 9.18, and samples measured in a
process tank at 10−9 Torr did not degrade over a 6-month period. They also pointed
out that this level of stability is better in comparison to that of common cathode
materials, e.g., made of CsI or CsTe.

Visible-blind phototubes based on cesiated p-GaN photocathodes have been
fabricated [126]. The NEA cathode sample of 0.5 × 0.3 cm2 area was placed
opposed to a 1-mm-thick wire loop anode in a sealed glass tube of 2 cm diameter
and 7 cm length. In this configuration, a QE of 30 % at 200 nm wavelength and
VIS/UV rejection of up to four orders of magnitude have been measured. The
authors also claimed a long-term stability of their cesiated cathodes, since the
measured QE changed less than 1 % within a storage duration of two months. In
addition, an increase in QE with p-type conductivity of the material was reported.
This indicates difficulties for material with high Al content, since the higher
acceptor ionization energy then causes the QE to be reduced, accordingly.

The electron affinity of a clean AlN surface was found to be vAlN � 1:9 eV and
Cs adsorption then led to a true NEA with vCs=AlN � �0:7 eV [123, 127, 128], but
no data on the performance of AlN photocathodes has been reported so far.

In conclusion, the QE values of p-GaN photocathodes range from about 10 % at
the threshold wavelength [125] to about 72 % at 230 nm [129]. For the p-type
AlGaN-based photocathode, the doping issues hold, as for the Schottky and p-i-n
PD. Finally, the chemical instability of the Cs adlayer remains the main obstacle
that needs to be solved in the future, especially in terms of device degradation.
However, the integration in an electron-multiplying setup can be done straight
forward, based on mature technologies.

Fig. 9.18 Spectra of external
quantum efficiency for a
photocathode device taken
over a 3 year period, no
significant aging is observed.
Reprinted from [125],
Copyright (2006), with
permission from Elsevier
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9.3.7 III-Nitride-Based Devices of High Integration Level

Since the first report on visible-blind GaN-based 32 × 32 pixel focal-plane-array
(FPA) cameras, consisting of GaN/AlGaN p-i-n photodiodes hybridized to silicon
readout integrated circuits (ROICs) [130, 131], further GaN or AlGaN FPAs in
linear [132, 133] and two-dimensional arrangement have been realized. The main
detector types, such as Schottky diodes [132, 134], MSM detectors [132] and p-i-n
diodes [74, 135] were fabricated and the standard characterization results, similar to
those of the single devices mentioned above, showed that visible-blind as well as
solar-blind 2D-imaging with 8 × 8 [136], 128 × 128 [137], 256 × 256 [74] or even
320 × 256 [104, 137–140] pixels is possible (see Fig. 9.19).

However, lattice mismatch and defects are a challenge to such large-area devi-
ces. Recently, Cicek et al. reported on an effective approach to reduce the number
of cracks in solar-blind p-i-n based FPA imaging strucures by utilizing reduced area
epitaxy [141]. With this approach, 97 % of the pixels were obtained crack-free and
showed an enhancement of about 10 % in the peak EQE compared to devices on a
conventionally grown reference sample. However, the prepatterning procedure of
the AlN template prior to device growth led to a reduction of the pixel fill-factor to
about 48 % (22 μm × 22 μm total device at 30 μm × 30 μm periodicity) compared to
73 % achievable by conventional mesa-structuring the whole p-i-n device [104].

In the design of such FPA systems, flip-chip mounting is usually utilized to
integrate the AlGaN photodetector via In-bump technology with a Si readout
integrated circuit (ROIC) chip. As already mentioned, back-illumination of a PD
results in the limitation of the response to wavelengths above the respective cut-off
from any radiation filtering layers, such as substrates, which is crucial for the
detection of VUV radiation below about 140 nm. The removal of a sapphire sub-
strate requires high mechanical stresses and may cause harmful damage of the thin
remaining device layers. To overcome these difficulties, Malinowski et al.

Fig. 9.19 Electric arc recorded with a solar-blind FPA camera with 320 × 256 pixels. Reprinted
with permission from [138], Copyright 2005, AIP Publishing LLC
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fabricated 400-nm-thick AlGaN membranes by locally etching away the Si(111)
substrate after face-down integration to a Si-ROIC [134]. The individual solar-blind
Schottky PDs of the 7 × 3 array showed the capability for solar-blind detection with
high VIS/UV rejection.

In conclusion, the integration of AlGaN-based photodetectors to ROICs has
already been realized at a comparably early stage in III-Nitride photodetector re-
search. Useful processing steps and techniques have been successfully employed in
order to enhance the yield of individual PDs making up such large-scale devices.

9.4 Present Status of Wide Bandgap Photodetectors

During the 1980’s, there have been developments in GaN and AlGaN growth that
led to different patents mainly on the epitaxy of single layers [142–151]. Although,
subsequently more patents on complete photodetector structures were released
[152–154] and new materials—such as several oxides like TiO2, SnO2, ZrO2, or
ZnO—emerged [155, 156], the work on improvement of material quality is a key
issue in the field of UV photodetectors up to now [157, 158]. This incomplete
listing is meant to give a brief overview of the companies dealing with UV pho-
todiodes.13 In 1993 APA OPTICS Inc. filed a patent on GaN and AlGaN-based
photoconductors [159]. In 2000, there have been patents by SANYO on a
Pd-Schottky electrode on an n-SiC substrate [160] and by APA OPTICS Inc. on a
8 × 8 Schottky-type photodetector array based on GaN with a pixel size of 200 μm
by 200 μm [161]. The next year, General Electric patented a photodetector based on
homoepitaxial GaN having a dislocation density below 105 cm−2 [162]. In 2002, a
Schottky PD based on metal-oxides—TiO2, ZnO, SnO2, SiO2, ZrO2, PbO, MnO,
Fe2O3, or In2O3—with a Schottky contact made of Pt, Pd, Ni, Au, or Ag was
claimed by the company sglux [155]. In 2005, Hamamatsu filed a patent on a
back-illuminated photodiode array for computed tomography [163] and
OSAKA GAS CO. LTD. filed a patent on a flame sensor based on an AlGaN p-i-n
photodiode using a GaN-layer process with ELO [164]. In 2007, Iwate Information
System Corp. filed a patent on a UV PD based on ZnO substrate and AlGaN active
layer [156]. Also in 2008, Canon filed a patent on a Schottky photodiode with a
periodic concavo-convex structured surface for higher efficiency [165] and NEC
filed a patent on a back-illuminated Schottky photodiode with a surface plasmon
periodic structure to combine sensitivity and speed [166]. In July 2010, Hamamatsu
released the first GaN-based transmission photocathode for the UV range [167,
168]. In 2012, Lai et al. released a paper and a patent on a solar-blind Schottky
diode based on Au/wurzite MgS/n+-GaAs (111) substrate [169, 170]. This detector
has a cut-off at 240 nm and shows an EQE of 10 % at a peak wavelength of 225 nm.

13Companies like: Kyosemi Corporation, Hamamatsu Photonics K.K., SANYO Electric Co. Ltd.,
General Electric Company, Cree Inc., and others.

9 Solar- and Visible-Blind AlGaN Photodetectors 255



T
ab

le
9.
1

T
yp

ic
al

pa
ra
m
et
er
s
of

co
m
m
er
ci
al
ly

av
ai
la
bl
e
ph

ot
od

et
ec
to
rs

M
at
er
ia
l
[R
ef
.]
T
yp

e
A
se
ns
(m

m
2 )

D
k
k p

ea
k
(n
m
)

R
sp

at
k;

U
re
v
(m

A
W

−
1 )

I d
ar
k
at

U
re
v
(p
A
)

N
E
P
at

k
(W

=
ffiffiffiffiffiffi H
z

p
)

s r
is
e/
s f
al
l
(n
s)

C
t
at

0
V

(p
F)

G
aP

[1
72
]

1.
2

15
0–

55
0

28
10

1.
1
×
10

−
14

1/
20

30
0

Sc
ho

ttk
y

44
0

25
4
nm

,
5
V

5
V

44
0
nm

C
sT
e
[1
73
]

78
.5

16
0–

32
0

1.
4
×
10

7
30

0
2.
5/
24

2

PM
T

24
0

25
4
nm

,
1
kV

1
kV

T
iO

2
[1
74
]

4.
18

21
5–

38
5

21
30

10
00

Sc
ho

ttk
y

30
0

30
0
nm

,
3
V

1
V

Z
nO

[1
75
]

22
5–

38
0

26
00

10
/9
60

Ph
ot
oc
on

du
ct
or

a
37

0
37

0
nm

,
10

V

G
aN

[1
76
]

20
0–

36
5

1,
50

0,
00

0
5

30
0/
60

0

Ph
ot
oc
on

du
ct
or

a
36

5
25

4
nm

,
10

V
10

V

G
aN

[1
77
]

0.
8

29
0–

36
5

15
0

10
00

p-
i-
n

36
5

35
0
nm

,
0
V

1
V

G
aN

[1
78
]

0.
09

23
0–

37
5

80
50

24

Sc
ho

ttk
y

36
5

25
4
nm

,
0
V

1
V

A
lG
aN

[1
79

]
1.
0

15
0–

28
2

66
5

1.
33

×
10

−
14

40
/6
0

32
0

Sc
ho

ttk
y

26
0

25
4
nm

,
0
V

1
V

25
4
nm

A
lG
aN

[1
80

]
1.
53

6
21

0–
28

0
50

20

p-
i-
n

28
0

25
4
nm

,
0
V

0.
1
V

A
lG
aN

[1
81

]
0.
03

1
24

0–
27

8
66

.3
14

5

A
PD

a
26

0
26

0
nm

,
0
V

20
V

Si
C

[1
82
]

0.
05

6
23

0–
28

5
84

0.
00

5
9
×
10

−
16

20

p-
i-
n

27
0

25
4
nm

,
0
V

1
V

27
0
nm

Si
C

[1
83
]

1
22

0–
27

5
80

0.
00

1
19

5

p-
i-
n

26
5

25
4
nm

,
0
V

1
V

Se
ns
iti
ve

ar
ea

A
se
ns
,w

av
el
en
gt
h
λ,
sp
ec
tr
al
ra
ng

e
D
k
(R
sp

�
1
%
R
sp

m
ax
),
pe
ak

w
av
el
en
gt
h
k p

ea
k
,r
es
po

ns
iv
ity

R
sp
,r
ev
er
se

bi
as

vo
lta
ge

U
re
v
,d

ar
k
cu
rr
en
tI

da
rk
,

no
is
e-
eq
ui
va
le
nt
-p
ow

er
N
E
P
,
ri
se

an
d
fa
ll
tim

es
s r
is
e;
fa
ll
(1
0–
90

%
),
an
d
th
e
de
vi
ce

ca
pa
ci
ta
nc
e
C
t

a N
ot

co
m
m
er
ci
al
ly

av
ai
la
bl
e,

sc
ie
nt
ifi
c
re
po

rt
s
(f
or

co
m
pa
ri
so
n
on

ly
)

256 M. Brendel et al.



In 2013, NEC filed a patent on a waveguide-coupled MSM photodetector based on
GaN. The reduced light reflection at the MSM electrode improves the efficiency, so
that the bias voltage can be reduced [171].

In Table 9.1 different types of UV photodetectors are listed, which are based on
several material systems and have an active area between 0.031 and 78.5 mm2.
Except for the GaP Schottky PD, all PDs operate solely in the UV, showing peak
wavelengths between 370 and 240 nm, and thus are suitable for applications
requiring visible-blind or even solar-blind detection capabilities. For the PDs based
on AlxGa1−xN, that can be operated at zero bias, the responsivities range between
60 to 150 mA W−1, which is competitive to SiC-based p-i-n PDs having about
80 mA W−1. Except the GaN as well as the ZnO photoconductor with their
enhanced responsivities at 10 V bias, values below 28 mA W−1 are achieved with
GaP Schottky PDs, and TiO2 Schottky PD at a small bias voltage. In comparison to
that, the CsTe PMT requires a high voltage of 1 kV in order to operate at a
responsivity of 1.4 × 107 mA W−1 at 254 nm due to the gain of 5 × 105 at this bias.
The dark current level of 300 pA for this PMT has been obtained after storing the
device for 30 min in the dark. But the very short rise and fall times as well as the
low device capacitance for the PMT are remarkable in comparison to all other
devices. However, given values for the NEP range between 10−16 and 10−14

cm Hz1/2 W−1 for the SiC p-i-n PD, the GaP and the AlxGa1−xN Schottky PDs
promising high performance in detecting low power levels.

We conclude, that in comparison to rather mature technologies in SiC or GaP
device fabrication, the AlxGa1−xN-based UV PDs are definitely competitive today,
and outstanding performance can be achieved, regardless of the device type.

9.5 Summary and Conclusions

This overview on AlGaN-based UV photodetectors (PDs) covers the simple device
types, such as the photoconductor, the metal–semiconductor–metal (MSM) PD and
the Schottky PD as well as rather complex p-i-n PDs, avalanche PDs (APDs),
separate absorption multiplication PDs (SAM PDs), their integration as 1D- or even
2D-arrays, and AlGaN photocathode material for photomultiplier tubes (PMTs),
which were developed within the last two decades. According to the different
device structures and designs on the one hand, and the challenges in the epitaxy of
AlxGa1−xN layer structures as well as related processing issues on the other hand, a
variety of performance data was reported.

The high photocurrents observed for GaN photoconductors with ohmic contacts
usually correlate with photoconductive gain which results in a low frequency
bandwidth, whereas the easy-to-fabricate MSM PD with two blocking contacts on
an non-intentionally doped AlGaN layer can achieve low dark current levels and
also high detection capability by utilizing a suitable electrode geometry. Since these
devices rely on an applied bias voltage, the Schottky PD as well as the p-i-n PD
constitute very attractive alternatives, because they can be operated in zero bias
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mode. In general the p-i-n design offers a potentially higher stability compared to
the Schottky PD, since electric fields can be controlled by the properties of the
i-layer. But in order to tailor, the whole UV range from the UV-A to the UV-C or
even the VUV with the p-i-n design, p- or n-type AlxGa1−xN material with arbitrary
Al mole fraction xAl of high quality is required. However, even today the doping of
AlGaN and the processing of ohmic contacts to AlGaN layers are not straight
forward, especially with rising xAl. Therefore, only the MSM PD and the
Schottky PD could be fabricated on AlN layers with a corresponding cut-off
wavelength kc of about 200 nm (VUV). Nevertheless, very efficient solar-blind
(kc ¼ 280 nm) p-i-n PDs were obtained by utilizing complex heterostructure
designs and the concept of backside illumination. For all these device types, typical
values for the external quantum efficiency (EQE) range between several 10 % and
about 90 % below breakdown without the indication of any gain mechanism.
Moreover, AlGaN-based APDs and even SAM PDs were realized enabling
photon-counting measurements that prove competitive performance of
AlGaN-based APDs to conventional PMTs. Also the successful processing of
Schottky PDs and p-i-n PDs on the wafer-level to form 1D or 2D focal-plane arrays
integrated into read-out circuits was demonstrated. Although, the p-GaN photo-
cathode material developed may suffer from chemical alterations of the cesiated
surface under UV illumination, and a decreasing EQE for higher xAl (supposed to
correlate to the increasing acceptor ionization energy), the overall performance of
photocathodes obtained shows very promising results.

In conclusion, AlxGa1−xN-based photodetectors have been realized in a variety of
device types which for some applications offer advantages over devices made from
other materials, such as Si, SiC, and GaP. Although there is still room for
improvement concerning material quality and process technology, AlxGa1−xN-based
PDs are already commercially available. Especially the large and tunable band gap
energies, resulting in high radiation hardness and enabling custom-made cut-off
wavelengths, make AlxGa1−xN-based photodetectors promising candidates for
solar-blind and visible-blind photodetection in UV applications.
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