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AlGaN Schottky diodes for detector applications in
the UV wavelength range

Abstract— We report on the use of TCAD simulations to
optimize AlGaN UV-detectors for space applications and
advanced EUYV lithography tools. (i) High dark current in
present AlGaN Schottky diodes is explained by means of the
Thin Surface Barrier model. (ii) This model and Al1GaN ma-
terial properties were implemented in TCAD software and
verified with experimental results, facilitating future tech-
nology development. (iii) Key issues in technology devel-
opment were identified and experimentally verified: reduc-
ing surface defects is shown to result in order-of-magnitude
dark current reduction. (iv) A full semi-transparent Schot-
tky contact is shown to provide a good compromise between
low leakage and sufficient photocurrent.

Keywords— Ultraviolet, Detector, Imager, AlGaN, Solar
Orbiter, EUV lithography.

Fig. 1
ARTIST’S IMPRESSION OF ESA’S SOLAR ORBITER SATELLITE,
PLANNED LAUNCH IN 2015 [1].

I. INTRODUCTION

SA’S Solar Obiter (planned launch in 2015) is intended

to brave the fierce heat and carry its telescopes to just
one-fifth of the Earth’s distance from the Sun, where sun-
light will be twenty-five times more intense than we feel
it. While the spacecraft endures the powerful bursts of
atomic particles from explosions in the solar atmosphere,
its instruments will provide scientists with detailed images
of this frenzied spectacle . The Solar Orbiter is intended
to carry six imagers for extreme-UV (EUV) wavelengths
(A =4—150 nm). A high spatial resolution, high sensitiv-

ity to EUV, solar blindness (insensitivity to visual and IR
wavelengths), fast temporal cadence as well as total system
weight, long-term stability and sensitivity to contamination
are key specifications for these imagers , .

Current solar atmospheric studies from the SOHO and
TRACE satellites (launched in 1995 and 1998 respectively)
show that improved EUV observations would be of tremen-
dous value to future advances in the field. However, silicon
based EUV imagers onboard these spacecraft exhibit limi-
tations inherent to their actual material and technology .
The optical filters suffer from severe degradation in space,
making calibration difficult. The used Multi-Channel-Plate
amplifier requires a high-voltage supply and inherently has
an uncertain gain and signal saturation . Finally, ioniz-
ing radiation degrades the silicon CCD by creating charge
traps . The CCD is cooled to -80°C to reduce radiation
damage, hereby requiring a heavy cooling system. The
cooled detector acts as a cold trap for contaminants, lead-
ing to a reduction in sensitivity.

The development of EUV sensitive detectors is also an
enabler for future EUV-lithography tools. While EUV mir-
rors and lenses are being fabricated in high quality and
sources are getting optimized, the existing prototype tools
are suffering from the lack of detectors to characterize the
EUV light from the source to the mask. Conventional sili-
con based EUV detectors suffer from the applied radiation
and show a tendency to degrade in time. Their sensitivity
to visual wavelenghts increases the noise on the signal.

The use of ITI-N wide-bandgap semiconductors like Galli-
umNitride (GaN), AluminumNitride (AIN), or Aluminum-
GalliumNitride (Al,Ga;_,N) in an active pixel sensor
could surmount a lot of these difficulties. Their compact
crystal lattice results in higher resilience against ionizing
radiation @, eliminating the need for cooling hardware .
However, the most important property of these materials
is their solar blindness: the wide bandgap (Ey = 3.4 eV
for GaN; 6.2 eV for AIN) makes these materials insensi-
tive to the visual and IR light. Photons with an energy
smaller than the bandgap are not absorbed. This signifi-
cantly lowers the number of optical filters needed, resulting
in fewer calibration problems. The largest drawback how-
ever, is that AlGaN technology is still in a prototype phase,
compared to the fully mature silicon CCD .

The goal of this paper is therefore to investigate UV-
detectors based on ITI-N semiconductors and to offer ways
to increase their performance. Taking into account that
the devices are limited by the Johnson noise, the single
pixel performance can be determined by the specific de-
tectivity D* [8]. In a first iteration, this figure of merit
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can be interpreted as a signal-to-noise ratio, determined as
the ratio between the pixel’s photo current (current under
illumination) and its dark current:

S/N = photo/-[dark (]-)

Maximizing this S/N can be done by (i) increasing the
photocurrent or (ii) reducing the dark current. As the
quantum-efficiency (QE) of present III-N diodes is already
at about 20 percent [9], [10], [11], only a modest factor of 5
can be realized by increasing the photocurrent. Diminish-
ing the dark current potentially has a much larger influence,
as it can be decreased by several orders of magnitude.

This paper is structured as follows. Section [[I-4] in-
troduces a theoretical model for the anomalously high
dark currents in present III-N Schottky diodes. A cus-
tomized TCAD simulator (Technology Computer-Aided
Design) is combined with semi-classical quantum mechan-
ical calculations and I-V measurements. Section [[I-Bliden-
tifies key-issues in technology development and formulates
processing-related opportunities to lower the dark current.
Section[[I-C|elaborates on experimental results, supporting
the previous exposition. Section IllII presents an analysis of
different detector structures, in terms of both photo and
dark current.

II. DARK CURRENT

Thanks to their photovoltaic capabilities, Schottky
diodes are considered the preferred devices for pixels in fu-
ture EUV-imagers. The lack of high quality p-type AlGaN
makes pn-diodes less favorable structures.

A. Theoretical model
A.1 Thermionic Emission (TE)

Schottky diodes formed on GaN and related materials
suffer from anomalously high leakage current (or dark cur-
rent) under reverse bias. Initial efforts to explain this be-
havior have concentrated on the Schottky barrier height
and its metal dependence based on the thermionic emis-
sion theory (TE). The Schottky diode then behaves much
like an ordinary pn-diode: the leakage current under re-
verse bias (illustrated in fig. [2h) is due to thermally excited
electrons jumping over the Schottky barrier [12]. The I-V
characteristic is a constant reverse current, combined with
an exponential forward current (i.f.o. applied voltage)

Fig. [3| shows the I-V characteristic of two typical GaN
Schottky diode (symbols). When comparing this I-V curve
to the one predicted by the above TE theory, a fitting error
of about 10 orders of magnitude is found (at -10V). From
this, it is already clear that the TE theory does not give
an adequate description of the current mechanism in the
measured Schottky diodes.

A.2 (Thermionic-)Field Emission (TFE/FE)

An alternative theoretical model that could explain the
high leakage current, is based on tunneling through the
potential barrier. A detailed description of this theory was
given in |13]. Under certain circumstances, electrons with
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CURRENT TRANSPORT MECHANISMS IN THE VARIOUS THEORETICAL

MODELS DISCUSSED (A,B) AND SCHEMATIC REPRESENTATION OF THE
TSB MODEL (C,D), AFTER [17].
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Fig. 3
MEASURED I-V CHARACTERISTIC FOR TWO GAN SCHOTTKY DIODES
AND FITS WITH THERMIONIC EMIssION (TE), (THERMIONIC-)FIELD
EwmissioN (TFE/FE) AND THIN SURFACE BARRIER MODEL (TSB).

an energy smaller than ®g can tunnel through the Schot-
tky barrier. This can happen either at an energy equal
to the Fermi level Ep of the metal (Field Emission - FE)
or at a higher energy (Thermionic-Field Emission - TFE).
Both mechanisms are schematically shown in fig. 2h. This
effect was implemented in a TCAD simulator (Sentaurus,
[14]) and the resulting current numerically calculated. The
I-V curve (also in fig. lies already closer to the exper-
imental curves and exhibits a similar voltage dependence.
It is however still about 6 orders of magnitude too low.
The simulation assumes 5 = 1.2 eV, GaN doping level
Ny = 1.10"em™3. A better fit would be obtained by in-
creasing Ny, but this would require unrealistic values for
this parameter [15].

A.3 Thin Surface Barrier Model (TSB-model)

Hasegawa et al. [16] have proposed the Thin Surface
Barrier (TSB) model to explain the observed I-V behavior
in GaN. This model is represented schematically in fig. 2p-
d. It assumes a thin layer underneath the Schottky contact,
with a high density of defects or impurities, which act as
dopants. The presence of these defects makes the Schottky
barrier thinner. As a result, the tunneling current through
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CALCULATED SCHOTTKY BARRIER PROFILE (ALGAN CONDUCTION
BAND) FOR DIFFERENT BIAS CONDITIONS.

TFE or FE mechanisms is drastically increased.

Because the tunneling probability is exponentially de-
pendant on the thickness of the Schottky barrier, the leak-
age current increases by several orders of magnitude. The
analytical description of this model is based on several ap-
proximations and has been reported in [16]. It will not be
further elaborated here. Essentially, the result is a piece-
wise expression for the leakage current in function of 4 pa-
rameters: the Schottky barrier height ®5[eV], the effective
defect concentration in the TSB-layer Ngrsplem™3], the
thickness of the TSB-layer drgp[nm] and the doping con-
centration of the underlying AlGaN substrate Np[cm=3].

To allow for numerical simulations of AlGaN Schottky
diodes, the AlGaN material system as well as the TSB-
model were implemented in a physical drift-diffusion sim-
ulator (TCAD software). This approach has two advan-
tages: (i) it evades some of the approximations made in
the analytical description [16] and (ii) it allows for more
complex 2D /3D structures to be simulated. Good fits with
the experimental I-V data were obtained for various Schot-
tky diodes (two examples are given in fig. .

Concerning the nature of these defects, theoretical cal-
culations [17], [18] have identified Nitrogen vacancies or
Oxygen impurities as possible dopants. Another possibil-
ity is that impurities are left behind on the AlGaN-surface
during processing. A clean with buffered HF could for ex-
ample leave some fluorine impurities on the surface.

A .4 Tunneling Current in the TSB model

In order to further investigate the current transport in
AlGaN Schottky diodes, the tunneling current was also cal-
culated using the formula for current through an arbitrary
Schottky barrier, derived by Padovani et al. [13] in the
1960’s. This general formula is based on a semi-classical
quantum mechanical approach:
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Fig. 5
TUNNELING CURRENT IN FUNCTION OF THE ELECTRON ENERGY FOR
DIFFERENT BIAS CONDITIONS AND I-V CURVE (INSET).
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Following the approach by [19] and using the Wentzel-
Kramers-Brillouin (WKB) approximation for the tunneling
probability T'(E,) [20], expression [2[ was numerically eval-
uated, starting from an exact analytical expression for the
form of the Schottky barrier. This avoids the approxima-
tions made in [16].

The shape of the Schottky Barrier is drawn in fig. [4] at
four different reverse bias voltages. The transient between
the defect-rich TSB-layer and the lowly doped substrate
can clearly be distinguished at 4.8 nm. The I-V curve cal-
culated from eq. [2]is plotted in the inset in fig. [5 while
the large figure plots the tunneling current in function of
the electron energy for the 4 different bias conditions. The
latter can be calculated by evaluating eq. [2] except for the
integral over dE,. Two current regimes can clearly be dis-
tinguished:

e« A TFE-mechanism dominates at small reverse bias: the
energy at which electrons tunnel through the Schottky bar-
rier coincides with the boundary between the defect-rich
TSB-layer and the AlGaN substrate (fig. [4] and . When
increasing the reverse bias from -0.1 to -0.6 Volt, two effects
can be observed. (i) The Schottky barrier gets thinner (fig.
4)), increasing the tunneling probability. (ii) The energy at
which the most electrons tunnel through the barrier lowers,
as the transient between the TSB-layer and the AlGaN sub-
strate reaches a lower energy value. This also leads to an
increase in tunneling current, as more electrons are avail-
able for tunneling at lower energies. Both effects working
together are responsible the fast increase in leakage current
observed at small reverse bias in fig.

o At higher reverse bias, a FE-mechanism dominates: the
energy at which the electrons are tunneling through the
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Fig. 6
DEVICE STRUCTURE OF THE REFERENCE SCHOTTKY UV-DETECTOR.

barrier has been lowered to the Fermi level of the metal.
A further increase of the voltage still makes the Schottky
barrier thinner but the tunneling-maximum will remain at
the metal Fermi level. This can clearly be seen when com-
paring the curves for -4.5 and -5.0 Volt in fig. [}} The FE
mechanism shows a less pronounced voltage dependence,
resulting in a flatter I-V curve.

A.5 Theoretical models: conclusion

It can thus be concluded that nor the classical TE model,
nor the more advanced TFE/FE model give a good de-
scription of AlGaN Schottky diodes, which are considered
the primary candidate for UV-detector pixels. The TSB-
model, proposed by Hasegawa [16], has been shown to pro-
duce good fits. This model has been implemented in a
TCAD drift-diffusion simulator together with the AlGaN
material system, allowing numerical simulations on arbi-
trary AlGaN structures. A physical interpretation of the
I-V behavior has been further elaborated by evaluating the
analytical description given for tunneling current by [13]
based on the WKB-approximation.

B. Key issues in technology development

As pointed out in the introduction, reducing the dark
current is key to increasing the S/N ratio and thus the per-
formance of AlGaN UV-detectors. This section presents a
general analysis, based on the T'SB model and TCAD sim-
ulations. Its goal is to identify which parameters should be
changed to reduce the dark current. Starting from a refer-
ence Schottky diode, parameters were changed and their in-
fluence on the I-V characteristic investigated. Fig. [6]shows
a schematic of the reference diode. It’s physical parameters
are: O = 1.2eV, Nyrgp = 4.108em ™3, drgp = 20nm,
daigan = 100nm Np = 4.10%%em =3, N}, = 4.1018em 3.

« Increasing the Schottky barrier height (e.g. by using an-
other Schottky metal) by 100 meV results in a factor 15
reduction of the dark current.

¢ Reducing defect density in the TSB-layer by a factor of
2 reduces the dark current by a factor of about 2000. This
huge decrease can be explained by the exponential depen-
dence of the tunneling current through the Schottky bar-
rier on the barrier thickness. Reducing the defect density
underneath the Schottky contact thus appears crucial to
increased performance.

o Reducing the thickness of the TSB-layer has a similar ef-
fect on the I-V curve: making the TSB half as thick reduces
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I-V cURVES AND XPS MEASURENTS (INSET) FOR TWO SAMPLES,
SHOWING THE INFLUENCE OF AN ANNEAL BEFORE METAL DEPOSITION.

the dark current by a factor of 1500.

e The effect of the AlGaN doping level is much less pro-
nounced: a reduction by a factor of 10 only results in a
reduction of the leakage current by less than an order of
magnitude.

o The thickness of the low-doped AlGaN has a negligable
influence on the I-V curve for low reverse bias. At higher
reverse bias however, a thicker layer results in reduced leak-
age current, making this an important design parameter
for high-power or high-voltage switching diodes. For UV-
detectors however, a low reverse bias is used.

o The doping level of the substrate (serving as an ohmic
contact) has no influence on the leakage current. It must
be sufficiently high to keep a small series resistance.

The significance of this analysis it that it contains valu-
able information for process engineering. The key to im-
proving pixel performance is reducing the amount of defects
underneath the Schottky contact. Optimized surface clean-
ing procedures before depositing the Schottky contact, are
expected to have a much larger influence than changing the
type of metal contact used. Improving the quality of the
substrate material or changing layer thicknesses only has a
minor influence on the performance.

C. Ezxperimental results

x-ray photoemission spectroscopy (XPS) measurements
were performed on two GaN diode-samples before the de-
position of the Schottky metal contact. Cleaning of the
substrate with buffered HF (BHF) transformed part of the
GaN surface into GalliumFluoride. This high surface defect
density fits the description given by the TSB-model. On
the first sample, the Schottky metal was deposited immedi-
ately after the BHF clean. The second sample received an
anneal (550C, 10 min.) prior to the metal deposition. The
XPS-measurements were performed prior to the metal de-
position (inset in fig. . They clearly show a reduction of
Fluorine at the surface due to the anneal, which succeeds
in evaporating most of the Fluorine. The anneal there-
fore results in a GaN-surface with less Fluorine impurities.
From the analysis in section [[I-B] the annealed sample is
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Fig. 8
DEVICE STRUCTURE FOR THE FINGERED AND FULL CONTACT

expected to have lower dark current because of its better
surface quality. I-V measurements of both diodes are given
in fig. [7]and show a 30x reduction in leakage current. This
confirms that improving the surface quality underneath the
Schottky contact can result in order-of-magnitude reduc-
tions in dark current and supports the analysis given in

section [[I=Bl

III. DETECTOR STRUCTURES

Maximizing the photocurrent is the second way to in-
crease the performance of AlGaN EUV-detectors. Where
the dark current has been shown to depend mainly on the
TSB-parameters, the detector structure is believed to play
an important part in the photo current. Section [[TI-A] will
discuss the use of a fingered Schottky contact. Elaborating
on section [T all structures are assumed to have a TSB-
layer (Ngrsp = 4.10%%em™3 | drsp = 10nm, &g = 1.1eV).
UV-flux density is 100mW/em =2 with a wavelength of 180
nm (to allow for comparison with our measurement set-up).

A. Fingered Schottky contact

In order to maximize the photocurrent, a fingered Schot-
tky contact is examined. EUV-photons need to be ab-
sorbed in - or close to - the space charge region (SCR)
underneath the Schottky contact. There, a generated
electron-hole can be separated by the electric field, caus-
ing a current flow. When a photon is absorbed outside the
SCR, the generated electron hole-pair will recombine after
some time and no current flow is observed. Also, photons
absorbed in the Schottky metal are lost.

In order to address this loss, a fingered Schottky contact
is compared with a full Schottky contact. A schematic of
these two structures is given in fig. The full Schottky
contact covers the entire semiconductor. Here, the light
first has to pass through the metal to give rise to a current.
The fingered Schottky contact covers only a certain per-
centage of the semiconductor surface. This contact looks
much like an everyday fork, allowing photons to directly hit
the semiconductor surface between the tips, hereby avoid-
ing absorption-losses in the metal.

A.1 TCAD Simulation results

The fingered structure was analyzed using the cus-
tomized TCAD software discussed in section [[Il Fig. [9]
plots the photo current in the fingered structure, in func-
tion of the area effectively covered by the Schottky metal.
A finger pitch of 2 pum is assumed. Therefore, 40 % metal
coverage corresponds with 0.8 pm wide fingers with a 1.2
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Fig. 9
PHOTO CURRENT FOR A FINGERED SCHOTTKY CONTACT, IN FUNCTION
OF METAL COVERAGE AND METAL TRANSPARENCY.
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Fig. 10
SRH-RECOMBINATION AND SCR-EDGE AT THE EDGE OF A SCHOTTKY
FINGER, WITH (LEFT) AND WITHOUT (RIGHT) T'SB. BOTH PLOTS ARE
1 pm WIDE.

um finger-to-finger spacing. Unlike what can be expected,
the fingered structure has lower photocurrent than it’s com-
pletely covered counterpart (assuming 50% metal trans-
parency). As the Schottky metal gets less transparent, the
fingered structure has the highest photocurrent, however
the effect remains relatively small.

This effect can be explained by the TSB-model. Fig.
[10] shows the Schockley-Read-Hall (SRH) recombination at
the edge of such a metal finger. The dashed line represents
the edge of the SCR-region. Photons absorbed outside the
SCR-region have first to diffuse to the SCR-region in order
to generate current. A closer look at the edge of the metal
finger marks the effect of the TSB-model: the high de-
fect concentration under the Schottky contact causes the
SCR to recede towards the contact. A large fraction of
the electron-hole pairs generated between the fingers does
not generate current but recombines instead, which can be
concluded from the high SRH-recombination between the
metal fingers. This is the result of the TSB-region, where
the high concentration of defects prevents the semiconduc-
tor in between the fingers to be fully depleted. Our own
measurements, as well as [15] have shown that the trans-
parency of a 10 nm gold layer often used as a Schottky
metal is between 25 and 50 %.

The dark current in these fingered structures suffers from
an additional effect. The higher electric field at the edge
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EXPERIMENTAL I-V CURVE FOR A FINGERED AND FULL SCHOTTKY
DIODE: PHOTO AND DARK CURRENT.

of the metal finger, causes the Schottky barrier to become
thinner. As the tunneling current increases exponentially
with the thickness of this Schottky barrier, the leakage is
considerably higher. It is difficult to determine the exact
effect on the dark current, as this depends on the detailed
morphology of the finger edges. Still, a dark current in-
crease of about 4 orders of magnitude is expected for the
fingered contact.

A.2 Experimental results

From the TCAD simulations, it was concluded that the
fingered Schottky diode would have the same photo current
as a fully covered one, but a much higher dark current. Fig.
shows experimental I-V curves for these structures with
and without illumination. Both structures were fabricated
on the mesa structure depicted in fig. [} with a diameter of
3 mm. Fingers were 4 ym wide with 4 pum finger-to-finger
spacing. The detectors were illuminated with a continuous
UV-spectrum with wavelengths ranging from 180 to 400
nm, under identical photon flux. It can be seen that the
photocurrent of both structures is very similar, which is
in agreement with the performed TCAD simulations. The
dark current of the fingered structure however is almost
5 orders of magnitude higher at small reverse bias. This
supports the results obtained from the TCAD simulations.

IV. CONCLUSIONS

For this study, we implemented TCAD simulations to op-
timize the performance of III-N EUV-detectors for space
applications and advanced lithography tools. Using the
customized simulator, the development time and costs of
AlGaN EUV-detectors were reduced, as key issues in tech-
nology development were successfully identified. For future
research, different processing options can first be evaluated
through TCAD simulations before starting time consuming
experiments.

We show that (i) the high dark current in present Al-
GaN Schottky diodes can indeed be explained by the Thin
Surface Barrier model proposed by Hasegawa et al. in [16]
for GaN. (ii) This model and AlGaN material parameters
were implemented in TCAD software and combined with

semi-classical quantum mechanical calculations and exper-
imental results to analyze dark current. (iii) From these
simulations, it was concluded that the high dark current in
present III-N Schottky diodes is mainly determined by sur-
face defects (TSB defect density Nyrsp and TSB thickness
drsp). This was verified experimentally by combining XPS
and [-V measurements. Lowering the surface defect density
is therefore key to increasing future AlGaN EUV-detector
performance, and should be the focus of future technology
development. (iv) Finally, a fully covered semi-transparent
Schottky contact was shown to provide a good compromise
between low leakage and sufficient photocurrent.
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