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High-performance AlGaN Ultraviolet Photodetectors

----Development for application of flame sensing

Abstract

This research work, aiming to develop high performance AlGaN ultraviolet (UV)
photodetectors for the application of flame sensing, is a part of the projéct “Intellectual
Cluster Headquarters: Development of high-performance nano-sensor and materials”
supported by Intellectual Cluster Headquarters, ‘Aichi Science & Technology Foundation.
The progress of the research activities can be divided into three phases: (1) performance
improvement of GaN UVA photodiodes on sapphire substrates, (2) development of
high-performance flame sensing Alg23Gag 77N UVB photodiodes on AIN/sapphire templates,
and (3) development of high-performance flame sensing solar-blind Aly4Gag¢N UVC
photodiodes on 4H-SiC substrates and AlN/sapphire templates. In the first phase of the
project, the most improved performance was observed in the GaN UVA Schottky
photodiodes with Ir/Ni/Ir Schottky electrodes which demonstrated low dark current density
(Jo) of 1.8x107° A/cm? at -5 V, zero-bias external quantum efficiency (EQE) of 38%, and
estimated specific detectivity (D") of 5.8x10>cmH"?/W at 350 nm and 296 K. In the second
phase, the AIN/sapphire templates were employed as substrates. A high-température GaN
interlayer.was introduced to reduce the threading dislocations in the AlGaN active layer.
With the reduced dislocation density, the fabricated Alg23Gag77N UVB  Schottky
photodiodes exhibited excellent performance with parameters of J; =3.3x10""! A/em? at -5 V
bias and zero-bias EQE~26% at 310 nm. By using the large-active-area (4x4 mm?)
photodiodes, we have detected the UV signal from the lighter flame and then confirmed
their capability for being used as flame sensor. In the third phase, we have achieved
high-performance solar-blind AlypsGag¢N UV photodetectors in both of the Schottky and
p-i-n structures. The fabricated photodiodes demonstrate: J ~10"" Alem? atv -5 V bias,

- zero-bias EQE~20% at 258 nm, and D*~7,0><,1014cmH”2/W. The capability for detecting |

lighter flame was also verified on these solar-blind photodiodes.



1. Introduction

The advances in the crystal growth and optoelectronic device fabrication of Ill-nitride
wide-band gap semicdnductors haS led to the commercialization of bright blue, green, and
white light-emitting diodes as well as blue laser diodes for display and data storage
applications. There is also significant resea;ch underway in the area of IlI-nitride based high
temperature, high power electronicé and microwave devices. Recently, research interest has
grbwn in using this material system to fabricate UV photodetectors (PDs). The potenﬁal
applications of UV PDs ‘include biological and chemical sensing, flame detection, UV
emitter calibration, secure space-to-space communications, and early plume detection of
missiles or aircraft engines, efc. | ;

The AliGa;xN material system has a number of advantages, making it one of the most
suitable materials for fabricating UV PDs. By changing the Al composition, x, from 0 to 1,
its band-gap energy (cutoff wavelength) can be tailored from 200 to 365 nm. The large
band-gap is beneficial fof bbtaining low dark current because of low thermally geherated
noise. Moreover, its chemical, mechanical and thermal stability makes this material suitable
for operation in harsh environments.

The objéCt of this research project is to develop the high-performance AlGaN UV PDs

used as flame sensor. Currently, UV photomultiplier tube (PMT) is the mainétream

technology with the highest performance for flame

detection. These detectors can provide extremely ‘ I r \'\\\
lbw, dark current, high responsivity, and large - [

internal gain. However, PMTs are fragile, bulky, 2 | \ J (\ ‘

and require high operation voltages. In addition, i [ > sunlight
for the applications of UV detection, PMTs hayé‘ to é /
be integrated with expensive and complex filters . , flame //’/":
‘due to their high response in the visible range. " toomlight
Therefore, it is highly desired to alternative PMTs %0 2},0 o aw 5'00 220
with solid-state UV PDs, which are low cost, Wavelength (nm)

compact, robust, and low-voltage operation. FIG. 1.1. Spectra of the sunlight, room

« . ) . light, and gas falme.
- For being used as flame sensor, the following



elements are required for the AlGaN UV PDs. (1) high rejection to the background radiation
noise (solar or room light) is necessary (see Fig. 1.1); (2) to detect the weak UV signal from
the flame with intensity level of ~nW/cm?, the AlGaN PD should vhave the low dark current
with a density of ~10"'A/cm® at the operating voltage and temperature; and (3) high
responsivity (>10 A/W) is needed so that the generated photocurrent is large enough for the
photodiode amplifier circuit .

It is known that the ultraviolet spectrum can be divided into three basic sub-regions:
UVA (320-400 nm), UVB (280-320 nm), and UVC (100-280 nm). In these spectrum
regions, UVC raﬁge is of special interest. The UVC radiation is strongly absorbed ’by the
terrestrial ozone layer and atmospheric oxygen, so that almost no UVC radiation reaches the
earth’s surface. Accordingly, the photodetecters operating in this spectral range will not see
a large background signal from the solar radiation and be capable to detect very weak UV
signal. For achieving high visible/solar rejection; developing AlGaN photodetectors
operating in UVC (solar-blind) region is then one of the targets of our research work.

Besides the solar-blind characteristics, we need to get low dark current and high
responsivity in AlGaN PDs. Achieving these performances depends on a series of factors
including the epitaxial crystalline quality, p-type and n-type doping efficiency, electrode
contact technology and device fabrication and design. At present stage, a major obstacle for
high performance AlGaN PDs is the high defect density of AlGaN layers. Threading
dislocations and point defects play a very important role in the performance characteristics
of AlGaN PDs. It has been shown that threading dislocations, in particular, screw
dislocations, are a primary source of leakage in AlGaN Schottky and p» junctions. Therefore,
as shown in this report, reducing dislocation densify and suppressing leakage (dark) current
in AlGaN PDs are an essential component of our research.

_ The requirement of high UVC responsivity (>10 A/W) means that the internal gain due
to avalanche multiplication is needed for our AlGaN PDs used as flame sensors. Since the
state of art for the defect density of AlyGa; N (x>0.4 for solar blind) is still much high
(~10°-10'° /em?, for line defect density), to realize solar-blind AlIGaN avalanche photodiodes

presents the most challenging task in this project for us.



2. GaN UVA MSM Schottky & Schottky photodiodes

--performance improvements with novel device structure
2.1 Epitaxial growth and experimental procedure

The epitaxial layers used for UVA photodiodes were grown by atmospheric-pressure
(AP) metal organic chemical vapor deposition (MOCVD) using a NIPPON SANSO SR2000
System on (0001)-plane sapphire substrates. The precursors used were NH; and the trimethyl
compounds of aluminum (TMA) and gallium (TMG), while the carrier gas was purified
hydrogen. Monosilane (SiH,4) was used as dopant source for n-type (Si) incorporation and
Cp2Mg was used as dopant source for p-type (Mg) doping. The substrates were first heated
to 1230 °C for 10 min in H, ambient for in-situ cleaning. The temperature was then lowered
to 500 °C to deposit a '30-nm-thick GaN nucleation layer under NH3/N,/H, ambient
condition. The subsequent epilayers. for comprising detector structure were all grown at
1180 °C.

For device performance analysis, an Agilent 4156C precision semiconductor parameter
analyzer was used for the current-voltage (/-V) measurements. The capacitance-voltage
(C-¥) measurements were carried out at test frequency ranging from 20kHz to IMHz using
~an HP4284 LCR meter. Spectral responsivity measurements were performed in the range of
500~300 nm using a UV-visible sf)ectrophotometer (JUSCO CT25 GT/GD), which consists
of a light source comprising a quartz»halogen lamp and a xenon-arc lamp, a monochromator,
and a current source-measure unit. The optical system is calibratéd by a UV-enhanced Si
detector. The irradiation power density was corrected by a thermopile detector and kept at
10 pW/ecm® in the entire measuring range. All measurements were performed at room

temperature.
2.2 UVA MSM PDs based on undoped AlGaN/GaN HEMT structure
The AlGaN/GaN heterostructure has recently been the subject of intense research for

application - in high-temperature/high-power electronic devices and optoelectronic

devices.[1,2] The first UV photodetector based on the AlGaN/GaN heterostructure was



reported by Khan et al.,[3] in which the heterostructure field-effect transistor (HFET) was
used as the gated\ visible-blind photoconductor. This type of photodetector showed the
advantages of high gain and monolithical integration with field effect transistor (FET)
circuits in one epitaxial step. A major drawback of this photoconductivity detector is,
however, the relatively large dark current, which limits the minimum detectable irradiation
power. Schottky MSM-PDs are attractive devices because of their low dark current, high
response speed, superior responsivity, and simple planar structure which is compatible with
the FET fabrication process. It is well known that piezoelectric and spontaneous polarization
fields occurring in AlGaN/GaN heterostructures grown by MOCVD can generate a high
two-dimensional electron gas (2DEG) density at the heterojunction interface without the
doping procedure.[4] For this reason, the undoped AlIGaN/GaN structure can also be used
for HEMT fabrication.[5] It is then promising to fabricate the Schottky MSM-PDs on the
undoped AlGaN/GaN heterostructures, enabling the monolithical integration of MSM-PDs
in HEMT circuits in one epitaxial step, '
while maintaining the MSM-PDS’ own illumination

superior performance. In this work, we ()
investigated the MSM-PDs prepéred on

the. undoped AlGaN/GaN

heterostructure under illumination from

‘ sapphire -
either the top or the back. -——-J
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layer, a 20 nm undoped i-Alg 17Gag g3N Z '
barrier layer and a 7 nm i-GaN cap layer. 10° 10 o 10
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By Hall-effect measurement, the electron o ) ,
FIG. 2.1. (a) Schematic diagram of the device and its

mobility was found to be 909 sz/VS at 300  energy band. A 7-nm-thick i-GaN cap layer is used
to enhance Schottky barrier height (SBH) and hence

K and 4208 cm?/Vs at 77 K, respectively, and  to suppress the leakage current according to the data
of ref. 6. (b) C-V concentration profile of the AlGaN/

the sheet carrier density WéS found to be  GaN heterostructure measured from a planar Schottky
diode with Pt Schottky dot and Ti/Al/Ni/Au ohmic

3.2x10"%cm™ at 300 K. Figure 2.1(a) shows guardring.



the schematic structure of the device with the energy band diagram. Interdigital patterns
with the active area of 100x105 um?, finger width of 5 um, and gap spacing of 5 pm were |
defined by photolithography. Semitransparent Schottky 'contacts were formed with a |
100-A-thick Pt layer, and a Ni/Au (20/’300 nm) bilayer was deposited as contact pads. The
carrier concentration profile of the GaN/AIGaN/GaN heterostructure, as shown in Fig.
2.1(b), was determined by C-V measurement at 20 kHz. The profile demonstrates that the
2DEG is confined to the lower AlGaN/GaN interface.

* Figure 2.2 exhibits the I-¥ characteristics of the fabricated heterostructural MSM-PD.
The dark current of this device will be determined by the cathode depletion region which
shares the largest portion of the applied voltage and limits the dark current to the greatest

degree. As depicted in Fig. 2.2, the dark
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plateau at high bias voltages (/p>1.9 V), :E’ 0k e
R ac
where 1.9 V is the bias voltage when the § o e ]
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2DEG channel below the cathode depletion ozl .
region is pinched off, as will be shown el R T T
later. This current behavior is exactly the 0 5 10 15 2 25 30
same as that of gate leakage of the Bias voltage (V)

AlGaN/GaN heterostructure HEMT reported by ggm 2‘&216 lz;r/kGa;rll\c; lllg?er:gr;;;egtjrz &k;aﬁcgg?stics
Miller et al.[7] On the basis of ref. 7, it can be ‘ ‘ ‘

speculated that the dark current in the present experiment is due primarily to vertical
tunneling through the potential barriers at the AlGaN/GaN heterointerface and at the
Schottky contact between the AlGaN barrier layer and the cathode metal. At a typical bias of
10 V, the current amounts only to 2.4 pA, which corresponds to a current density of 1.8x 10%
A/cm’ using the metal contact area as the éffective area. We attribute the low dark current to
the i-GaN cap layer, which piezoelectficaliy enhanced the effective SBH.[6] The
introduction of such a cap layer showed that it reduced the leakage current density by more
than two orders of magnitudé, as compared with that of the samples without the Cap layer

(not given in Fig. 2.2).



The photocurrents were measured under the illumination of 25 pW/cm® with a
wavelength of A=350 nm from the top and back. When the incident photon energy is eQual
to or larger than the GaN band gap (EgGaN) but less than the AlGaN band gap (EgAlGaN), the
AlGaN layer is almost transparent to the incident photons from the fop, and the dominant
photoeffect is the géneration of electron-hole (e-#) pairs in the GaN channel layer. The
photogenerated carriers tunneling through the potential barriers at the heterointerface and
Schottky contact contribute to the photocurrent. It should be pointed out that the
photoelectrons generated near the -2DEG channel will experience a built-in electric field
associated with the band bending at the heterostructure interface, as shown in Fig. 2.1 (a).
By this electric field, the photoelectrons are forced into the 2DEG channel, contributing to
an increase in the charge density of 2DEG. The result is an increase in the electric field at
the heterointerface, which leads to enhanced band bending. This effect, however, is expected
to occur generally at the anode contact side. As the applied bias increases, the 2DEG
channel below the cathode contact tends to be pinched off and the energy band of the GaN
channel layer at the heterointerfaoe tends to become flat. Once the 2DEG beneath the
cathode contact is depleted, the channel resistance increases and absorbs the additional
applied bias. The photocurrent saturates and becomes less dependent on bias voltage. For
illu.mination from the back, the device exhibits a smaller photocurrent due to the
recombination loss of the photoexcited e-4 pairs in the GaN channel layer. For illumination
from the top, the saturated photocurrent increases at high biases, which is ascribed to the
illumination-induced edge leakage current resulting from high electric field crowding at the
contact periphery, or interface leakage current resulting from the traps and dislocations at the
metal-semiconductor interface. It should be noted that with top illumination, the
photogenerated carriers in the GaN cap layer can also contribute to the signal current, but
‘this 7-nm-thick layer is so thin that its contribution can be neglected.

In order to conﬁrm the charge variation under the dark and illuminated conditions, the
C-V characteristics of the devices were measured at a frequency of 1 MHz. It can be seen
from Fig. 2.3 that the measured capacitance initially increaées with increasing bias voltage,
because the depletion region of the anode contact shrinks. As bias further increases, most of
the applied bias falls on the cathode contact and the capacitance starts to be dominated by

the cathode depletion region. At even higher biases, the enlarging depletion region of the



cathode contact results in a sharp decrease of the

2 E — dark : capacitance. The observed sharp decrease of the
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FIG. 2.3. C-V characteristics of the the AlGaN/Gan heterointerface. This behavior is the same as the

heterostructure MSM-PD under dark and illuminated » . . ,
(A=365 nm) conditions. Schematic conduction band Charge control in the HEMT device. Under the

diagrams at cathode side for each constant capacit- .. . . :
ance region are also shown. dark condition, the bias voltage required to

the flat-band condition at the AlGaN/GaN

achieve the pinch-off at the cathode side (Vppo) is ~ 1.9 V. In the region Vp>Vyy,, the
capacitance of the device is dominated by the depletionkregio‘n at the cathode side and thus is
due ,primarily to the background donors in the GaN channel layer as' the 2DEG channel is
depleted at this side. In the region Vy<Vyp,, the capacitance is due primarily to the carriers in
the 2DEG channel.[8] In the presence of UV irradiation (A =365 nm), the measured
capacitance increases at a constant bias voltage smaller than Vipo. This reflects that the
illumination results in an increase in the 2DEG density because of the generation of

photoelectrons in the GaN channel layer,

leading to a shift of the C-V curve towards "
a larger value of Vyp0.[9] s . b g
Figure 2.4 shows the device spectral i 0 . §
~ responsivity measured under 10 pW/cm® % 10 —: §
illumination. A sharp cutoff around the §_ 10 7 E’
absc;rption band edge of GaN is found for 3{‘3 10'4‘ R
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FIG. 2.4. Responsivities of the AIGaN/GaN heterostructure

nm is obtained. At 15 V bias. a peak MSM-PD biased at 15, 12, and 10-V. The reflectance spectra
i of the heterostructure are also shown to identify the absorption

responsivity of 114 mA/W is demonstrated  band edges of AlGaN and GaN.

illumination, UV-visible rejection of more

than three orders of magnitude by A=400



at 350 nm, corresponding to an external quantum efficiency (QE) of 40%. This value is
comparable to those of the GaN-based normal MSM-PDs reported by Carrano ei al.
(QE~50%) [10] and péi-n photodiodes reported by Collins et al. (QE~38%).[11] Although
the back illumination may eliminate the loss by the electrodes and the AlGaN layer, the
photoresponse (67 mA/W at 15 V bias) is smaller compared with the case of top
illumination. This is because with back illumination, the e-A pairs that are created in the
neutral region near the sapphire/GaN interface diffuse towards the depletion region near the
AlGaN/GaN interface where they are separated and collected. Since the absorption depth in
the GaN layer is typically less than 100 nm in this case, the photogenerated e-/ pairs are far
from the debletion region and suffer from recombination loss. ‘A thinner GaN channel layer
is expected to imprO\;e the responsivity with back illumination, but at the cost of degradation
of the AlGaN/GaN interface.

Figure 2.4 also shows the photoresponse arising from the AIGaN layer when the device
is illuminated from the top. For A<325 nm, light is increasingly absorbed in the AlGaN layer
as the photon energy increases and the responsivity becomes higher than that for A>325 nm,
since most of the photocarriers need not surmount the AlGaN/GaN discontinuity to be
collected. This coincides with the result of our reflection measurement, which shows the
absorption band edge of the AlGaN layer to be around 325 nm (Fig. 2.4).[12] Under‘this
condition, the photocurrent relies on emission processes from either fhe Schottky or the
2DEG channel. Unlike the top illumination, the UV light irradiated from the back will be
completely absorbed by the 0.8 pum GaN layer and, therefore, there is no photoresponse

, generated from the AlGaN layer in the case of back illumination.

In this research, MSM-PDs based on the undoped AlGaN/GaN HEMT structure
operating in the visible blind region were fabricated. Dark-current density as low as 1.8x107
Alcm? at 10 V bias was obtained in these heterostructural MSM-PDs. A peak responsivity of
114 mA/W (QE=40%) was measured at 350 nm with top illumination, which is comparable
to those of thé superior GaN-based normal MSM-PDS and p-i-n photodiodes. The devices
fabricated in this structure provide the possibility of combining light detection, sigﬁal

amplification and processing into a single structure.



23 Barrier-height-enhanced n-GaN Schottky photodiodes using a thin p-GaN surface

layer

~ GaN-AlGaN-based photodetectors have been the subject of inteﬁse research because of
their potential applications in UV detection [13-16]. Among all types of UV photodetectors,
Schottky photodiodes (PDs) are very attractive because of their simple material structure
and fabrication process. In a Schottky PD, the photogenerated carriers are collected by the
built-in electric field existing in a depletion region right at the semiconductor surface, and
the tfansport of photocurrent is due to the majority charge carriers. It appears, therefore, that
the Schottky PDs are advantageous in short-wavelength responsivity and response speed.
For achieving low noise and high detectivity in a Schottky PD, however, low leakage
current is required; the latter relatively high in Schottky PDs because of the charge injection
koriginating from thermionic emission or the thermionic ﬁeld-emission process. In fact, some
efforts have been devoted to the suppression of leakage current in GaN-based Schottky
barrier PDs. It has been suggested fhat preparing a SiOz surface-passivation layer or a
- low-temperature GaN cap layer on the surface of the n-GaN active layer can reduce the
leakage current signiﬁcantly [17-19]. An alternative approach which has beeh successfully
applied to Si- and GaAs-based Schottky diodes is to prepare an oppositely doped surface
layer to enhance the Schottky barrier heightv(SBH) and consequently reduce the leakage
current [20-2 1‘]. In such a structure, band bending due to the space charge in the oppositely
doped surface layer can result in an increase in the effective SBH to majority carriers,
assuming that the dobing density and thickness of the surface layer are designed‘ so that the
surface layer is fully depleted at thermal equilibrium-. In this work, we demonstrate that by
using a heavily doped p-GaN (p'-GaN) surface layer, the barrier height of n-GaN Schottky
PDs is increased from 1.09 eV to 1.16 eV and the leakage current density in the reverse-bias |

regionof0to 5V is reduced by about three orders of magnitude.

‘A 30- nm-thick GaN buffer layer was first deposited followed by a 1.5-um-thick lightly
| Si-doped (#~8x10'® cm”) GaN layer. A 15-A-thick heavily Mg-doped GaN layer
(p~1-2><1018‘cm'3) was grown on the #-GaN layerto form the p'/n-GaN strucfure. For the
fabrication process, the ohmic contact regions were etched down to the n-GaN layer using

the reactive ion etching (RIE) process employing BCl; gas. Then the Mg acceptor atoms



were activated using rapid thermal annealing (RTA) at 850 °C in the N, ambient for 30 min.

Prior to the metal contact evaporation, the wafers were etched in boiling aqua regia and

rinsed in deionized water to remove native
Ti/AVNiI/Au

metallization was deposited on the n-GaN

oxide from the surface.

and annealed at 750 °C in the N, ambient for

30 s to obtain ohmic contacts. Transparent Pt

film (85 A) was next deposited on the

p'-GaN layer to provide Schottky contacts.
Finally, a Ni/Au (200/2000 A) bilayer was

deposited as contact pads. For comparison,

Ti/Al/Ti/Au
(15/75/12/50 nm)

Pt (85 )

Sapphire (0001)

FIG. 2.5. (a) Schematic diagram of p-GaN Schottky PDs
with p*-GaN layer and (b) energy band diagram, in which
Xq is the position of the potential maximum.

Schottky PDs based on the n-GaN without the p* layer with the same Si doping density

(normal Schottky PDs) were also prepared with the same metallization procedure. Detector

diameters are 390 um for the Pt/p*/n-GaN structure and 400 pum for the Pt/n-GaN structure.
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characteristics of the n-GaN Schottky PDs with
and without a 15 nm p" surface layer.

Figures 2.5(a) and 2.5(b) show, respectively,
the schematic drawing of the Schottky PD
with the p"-GaN surface layer and a typical
energy band diagram.

Dark I-V characteristics of the typical
n-GaN Schottky PDs with and without the p*
layer are shown in Fig. 2.6. Three parameters
of the Schottky contact, SBH oy,, ideality
factor »n, and series resistance R, were
derived from the forward I-V characteristics
by the method described in ref. 22. For the
normal »-GaN' Schottky PD, the value of
SBH (¢p:=1.09 eV) is in general agreement
with that reported by Wang er al [23]. In the
Pt/p"/n-GaN Schottky barrier structures,
negative space charge resulting from ionized

acceptors in the thin p' layer increases the
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barrier to electron thermionic emi‘ssiOn (Fig. 2.6(a)), leading to an effective SBH value of
1.16 eV. The values of ideality factor are larger than 1.2, indicating that the current transport
mechanisms, other than thermoionic emission, may play roles in the fabricated diodes. The
increase in Rs in the Pt/p"/n—GaN Schottky PD is ascribed either to the higher resistive p*
layer or to the slightly larger spacing between the Schottky contact dot and ohmic contact
ring, as compared with those of the normal n-GaN Schottky PD. The revefse dark current
density at -2 V bias is 4.8x10"'° A/cm? for the Schottky PD with the p* layer and 1.4x10®
Alem?® for the Schottky PD without the p* layer, which denotes the suppression of the
leakage current density by more than three orders of magnitude. We ascribe this suppression
to fhe enhancement in the SBH, leading to a reduced value of the reverse saturation current
denéity. Another possible contribution to the reduction of the leakage current is the opposite

electric field in the region of x=0~Xp, Which

may hinder the charge carrier transport

8 .+ : - 10
. — —o-without p’ layeri -

across the Pt/p'—GaN interface under the Ng 7 fucm-with p” lgyery 1 ~
. . ~ -1 8 "
reverse bias. It is observed, however, that the s o ] g
. ' <+ E £
leakage-current curve of the Pt/p'/n—GaN § 1°¢ J°
structure has a larger slope and tends to g _: 4 g
exceed that of the structure without the % ] N;
p'-layer at the high-reverse-bias region, as § RN ] T

shown in Fig. 2.6 (b). This is speculated as 2 :' = |2. = Il' - '0' = lh = "; 0

being due either to the deep-level ' Bias woltage [V]

defect-assisted tunneling transport resulting
FIG. 2.7. C-V characteristics of the n-GaN Schottky
frqm the heavily Mg-doped layer or to the PDs with and without a 15 nm p” surface layer.
weakened role of the above-mentioned opposite electric field under the high-reverse-bias
- condition.
Figure 2.7 shows the C-V characteristics of the two types of Schottky PDs. The
relationship between the capacitance and the applied voltage in the metal/p’/n Schottky

structure can be described as [24]

kT
W, -v-"0

q
—= +K- 1
C? qe,&,N, (£,8,)° M)

A2

where 4 is the contact area, Vy,; the built-in potentiai, V the applied voltage, d the thickness
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of the p* silrface layer, and ¢, the relative permittivity of the semiconductor. &, T, g, and &
are as éonventionally defined. The parameter K=N,/N; is the compensation ratio, and in
| general, should be larger than unity. N, and Ny are the donor and acceptor concentrations in
the p” surface layer and »-layer, respectively. It should be noted that the first term in the eq.
(1) is the same as the expression form for arl‘normal Schottky diode, while the second term is
a constant associated with the presence of the p* surface layer. The p" surface layer can be
“considered as an additional capacitor connected in series to the capacitor associated with the
depletion region in the n-GaN layer. It is then easy to accept that the total capacifance is
lower than that of a Schottky PD without the p* layer. The C-V measurements demonstrate
that the zero-bias capacitances are 69 pF and 86 pF for the Schottky PD with and without the
P layer; respectively. According to eq. (1), the slope of the (4/C) 2.y plot, in the presence of
' the p* layer, will remain the same, while the intercept with the volfage axis will shift to
higher forward voltages, as shown in Fig. 3. The increased intercept reflects an enhancement
in the SBH; however, the effective SBH Value: can no longer be deduced from it directly.
Unlike that obtained from the C-V measurement, the SBH obtained from the IV
measurement based on the transport of the majority carriers across the metal-semiconductor
interface invol\}es any of the potential barrier variation effects, and the effective SBH for the
structure with the p* layer can be extracted directly in this manner [25].
For the normal Schottky PD, the value of the Ny evaluated from ,‘the slope of the (4/C)
2.V plot is 6.2x10' cm, which is comparable to that obtained from Hall meas'uremenf. The
value of Vy,; deduced from the intercept voltage is 1.27 V, corresponding to a SBH value of
1.36 eV. The difference between the SBH values evaluated from -V and C-V measurements
comes from the fact that, here, the thermionic emission is not the only mechanism by which
electrons can cross the Schottky barrier. It haé been proposed that in this case, a modified
SBH named fundamental SBH, @y, can be given by the followiﬁg expression inyolving (an
and the # factor: [26] | ‘ |
| KT N,

= —(n—-1)—1
¢bf ne,, (n )q nNd

2

where N, is the effective density states in the conduction band. From eq. (2),‘ we obtained
Op=1 34 eV, which is consistent with the SBH value extracted by C-Vlmeasurement.. By the

second term in eq. (1), the value of N, can be estimated as 1.6x10'® ¢cm™ from the vertical

_13_



intercept difference at zero bias between the two (4/C) 2y plots. The enhancement of the

SBH. on n-type semiconductor by a thin p-type surface layer at zero bias is given by [24]

Agy - v,lka -2 + ka*)"| | ®
” (K =1,

and

W, =e,5,, -kT1q)/qN,]" e
where Wy is the zero-bias depletion width for the normal n-GaN Schottky contact. By using
d=15 nm, Ny=6.2x10'6 cm?, N,=1.6x10"* cm™, 74,=1.27 eV, we obtained a value of
Ay, =0.08 eV, which is in reasonable agreement with the value (0.07 eV) o'btai’ned frofn the

I-V measurements.

Figure 2.8 shows the photoresponse , ,
spectra of the Schottky PDs with and L7t [y without p” layer
. ¥ ) — ——with p’ layer
without the SBH-enhanced p" layer biased 2

-2 .
at the low reverse voltages. All responses ‘5;’ 10 b'as="‘1"\’/
exhibited quite flat spectral responsivity % , R e oV
, N
above the absorption edge of GaN. In the % N e
case of the Schottky PD without the p* & ¢l NN
’ Lo Sowt
layer, the peak responsivity around 350 nm ‘
. . . 10-5L|||||||||||||||1|||
increased from 106 mA/W at zero bias to 300 350 200 450 500
121 mA/W at -2 V bias. The corresponding Wavelength (nm)

external QE values are 38% and 43%, FIG. 2.8. Responsivities of the two types of GaN
respectively. For the Schottky PD with the p°  Qehotriew P hinsed at different valtaces

layer, there exists a region between x=0 and X, in which an opposite electric field tends to
impede the collection of photogenerated carriers, as shown in Fig. 1(b). This causes a
reduction of the UV responsivity in fhe SBH-enhanced Schottky PDs. The peak responéivity
is only 58 mA/W at 350 nm under zero bias. With the reverse bias increasing, however, the
photoresponse increases to 107 mA/W at -2 V. bias, as a consequence of the broadening of
the depleted kregion. An obvious advantage in the photoresponse characteristics to the
SBH-enhanced GaN Schottky PD is the imprbverhent in the visible rejection ratio.

Improvement of more than one order of magnitude in the UV/visible rejection was achieved

in the Schottky PD with the p"-layer.
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In summary, a p'-GaN surface layer of 15 nm was incorporated in n-GaN Schottky
photodlode to enhance the effective Schottky barrier height. A barrier helght of 1.09 eV for
the normal #-GaN Schottky photodiode was increased to the effective barrier height of 1.16
eV. The resulting photodiodes show a reverse dark current density of as low as
4.8x10"°A/em? at -2V bias, which is about three orders of magnitude lower than that of the
normal n-GaN Schottky photodiode. The lower dark current leads to a significant
improvement in the visible rejection ratio. A peak responsivity of 107 mA/W was obtained
at -2 V bias under the incident power density of 10 uW/cm?, corresponding to an external

quantum efficiency of 38%.
2.4 Low dark current achieved by using oxidized IrNi contact

The detection of UV radiation can be found its applications in missile plume detection,
UV astronomy, flame sensors, engine and furnace control etc. and therefore has been studied
quite extensively so far. Owing to their wide, direct bandgaps, superior radiation hardness
and high temperature resistance, GaN based matérials have been considered to be an
excellent choice for the fabrication of high-performance UV photodetectors. In a variety of
GaN-based photodetectors, Schottky photodiodes showed the advantages of high
responsivity, high speed and simple fabrication [27, 28]. Compared with the p-i-» structure,
another commonly used type of the photodiodes, the Schottky barrier structure is easier to
fabricate since the p layer is no longer needed and so avoids the problems associated with
the poor p-doping technolqu in GaN. The main issue in Schottky structure, however, arises
essentially from the fact that the level of leakage current is higher than in p-i-n devices due
to thermal stimulated currents. In order to reduce the leakage current, an effective method is
to enhance the Schottky barrier height (SBH). Oxidized Ir/Ni bilayer was recently reported
to form transparent ohmic contacts on p-GaN, in which the IrO, layer pfovides large work
function while the NiO layer serves to prevent the outdiffusion of Ga and N atoms released -
from the decomposed GaN during annealing [29]. It is expected to use the oxidized IrNi
layers to obtain Schottky contact with high SBH and high transparency on n-type
GaN-based materials. In this work, the GaN Schottky photodiodes were fabricated using the

oxidized IrNi layers as Schottky contacts.
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The grown structure consists of a 30-nm-thick GaN nucleation layer at 500°C and a
subsequent 3-um-tﬁick silicon »dop\e'cki n-GaN layer at 1180°C. Room temperature Hall-effect
measurement showed the carrier density of 1.1x10'7 ¢m™ and electron mobility of 563.3
cm?/Vs. Before the photolithography, the samples were dipped in boiling aqua regina for 10
min and followed by deionized water rinse as surface treatment. For the fabrication of the
planar Schottky photodiodes, Ti/Al/N i/Au (15/65/12/50 nfn) ohmic contacts were deposited
and annealed at 750 °C for 30s by RTA iﬁ N, ambient. Following the formation of ohmic
contacts, Ir/Ni/Ir (40/40/40 A) metallization was deposited to form Schottky contacts with
diameter of 400 u m. RTA of the Ir/Ni/Ir contacts was subsequently performed from 400
to 600 °C in O ambient for 1 min. After the annealirig, a Ni/Au bilayer was deposited as

contact pads.

For dark I-V characteristics, it is found 107 - -
that ~with increasing the annealing g 10
temperature started from 400 °C, the SBH E 10‘: __
increases while the leakage current E 1::1-0: ..............
decreases. The maximum SBH and the & e ;
"~ minimum leakage current at ~5 bias were Lo TR ;
determined for the 500 °C annealed -6 -4 -2 0 2

: : . Bias voltage (V)
samples. The resulting SBH is 1.28 eV,

. . . FIG. 2.9. Dark I-V characteristics of the Ir/Ni/Ir GaN
which is 0.33 eV higher than that of the Schottky photodiodes ‘
--------- as-deposited Schottky contact with SBH=0.95 eV,
ideality factor (»)=1.30 and series resistance
’ . ‘ 10 (R)=130 Q , :
dark current density as low as 1.8x10"" 500 °C anncaled Schottky contact with SBH=1.28 eV,

n=1.25 and R=526 Q

as-deposited samples. At a bias of -5 V, the

A/em?® was obtained, which is four orders of
magnitude lower than the 3.7x10° A/cm? of the as-deposited samples as shown in Fig. 2.9.
To our knowledge, this is the lowest value in the GaN based Schottky and p-i-n photodiodes.
The greater thah 1.2 ideality factors suggest that the transport mechanisms,r other than the
thermionic emission, are probably involved in these samples. A slight deterioration of the
Schottky contacts was found after the 600 °C annealing. These results well coincide with
those of Jang et al., which indicate the optimum oxidization annealing for the Ir/Ni bilayer is

achieved by 500 °C annealing in O, [29].
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Figure 2.10 shows the spectral
responsivities . of the Ir/Ni/Ir Schottky ok g 80_‘/—'—‘
. 860_
photodiodes biased at different voltages under g 8 ol
o f——= =R S
an irradiant power density of 10 uyW/cm®. The < 0o §2°.’

0 i 1 1 1 i
sharp cutoff was observed at the band edge of '; 10 [ WYL P00 AN R (e 5%°
GaN (36 nm). For 500 °C annealed § ) Tesotel

g 10° - 0 (i)
photodiode, a more than three-orders of ‘§
. 4|
magnitude UV/visible rejection in 10
responsivity by 400 nm is demonstrated for T . —
300 350 400 450 500
all bias conditions. The maximum Wavelength (nm)

responsivity for zero bias is 105 mA/W obtained

FIG. 2.10. Spectral response characteristics of

at 345 nm, corresponding to an external QE of - the Ir/Ni/Ir GaN Schottky photodiodes. Inset:

38%. The external QE increases to 54% with the
-reverse bias increasing tol5 V. Also shown for

comparison is the responsivity of = the

Transmittance of the Ir/Ni/Ir layes

................. as-deposited

500 °C annealed in O,

(i) zero bias; (i) -1 V bias; (iii) -15 V bias.

as-deposited Ir/Ni/Ir Schottky photodiode with a maximum responsivity of 42 mA/W at the .

zero bias. The responsivity increases to 185 mA/W at-1V bias, but at the cost of a poor

Current (A)

IIIIIIIIIIIIIlIIIIIIlIII

0 5 10 15 20
Reverse bias (V)

FIG. 2.11. Dark and illuminated reverse I-V curves

of the Ir/Ni/Ir GaN Schottky photodiodes

-~ dark current

(i) as-deposited ; (ii) 500 °C annealed in 0,

photocurrent

visible rejection. The superior photoresponse of
the Ir/Ni/Ir Schottky photodiode annealed at
500 °C in O, is ascribed to the enhanced SBH
and transmittance of the Schottky contact. As
shown in the inset of Fig. 2, the transmittance at
350 nm is 28.6% for the as-deposited contact and
is enhanced to 62.9% for the 500 °C énnealéd

contact. The enhanced SBHb leads to a lower dark

current and a lager depletion region, while the
higher transmittance lets more irradiant flux to

pass the Schottky contact.

Photocurrent-voltage characteristics are depicted in Fig. 2.11. The irradiation

wavelength is 350 nm with a power density of 50 uW/cm?. For the photodiode with oxidized

Schottky contact, there is a strong and relatively flat UV photoresponse below 15 V reverse
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bias. The flat photocurrent is indicative of negligible photoconductive gain which usually
adds noise to signal. While in the as-deposited Ir/Ni/Ir SchOttky‘ photodiode, the
photoconductive gain mechanism dominates the photocurrent respose.

In many practical applications the Schotfky photodiode is operated at zero bias. A
figure of merit for the Schottky photodiodes is the Ro4 producf,» where Ry is the dynamic

resistance at zero bias and can be expressed as [30],

p el _mT
Cdl, ., al,

s

Assumed that the UV Schottky photodiode is thermal noise limited, the normalized
detectivity (D) may be estimated as [31]

1/2
* ’ R A
D =SR‘(412T)

where R, is the device responsivity at zero bias. Since the detectivity D" is proportional to
(ROA)”2 in the thermal-noise-limited case, a low reverse saturation current Is ( i.e., a high
Schottky barrier height, ¢ ) is necessary for the photodiode to achieve a large detectivity

D*. With a responsivity value of 105 mA/W at 345 nm and a Rod product of 4.7x10" Qem?,
‘the zero-bias detectivity of the photodiode with OXidized Ir/Ni/Ir Schottky contact is
estirhated as 5.8 x10" cm Hz!”W'. This is one of the largest D*SVQIUes ever obtained for
GaN based photodiodes. |

In summary, Ir/Ni/Ir metallization was empioyed as Schottky contacts of GaN Schottky
photodiodes. After annealing at 500 °C in O, for 1 min, the Schottky contact achieved the
maximum barrier heiéht of 1.28 eV and the minimum dark current densities of 1.8x10"°
A/c‘m2 at -5 V bias. The peak responsivity is 105 mA/W at zero bias and increases to150
mA/W at —15 'V bias. The detectivity was estimated as 5.8x10" cmHz”W at zero bias.
The superior performance of the Schottky photodiode is ascribed ﬁo the enhanced SBH and

- UV transparency of the oxidized IrNi Schottky contacts.
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3. Alo,23Gao_77N‘UVB Schottky photodiodes as flame sensor

--optimization for crystal growth and device processing
3.1 Epitaxial growth and experimental procedure

In this research phase, AIN/sapphire templates were started to be used as substrates. In
order to suppress the gas phase parasitic reactions between TMA and NH;, low pressure
(LP) MOCVD method was used to deposit the AlyGa;4N (x>0.2) epitaxial layers for
constructing UVB photodiode. The growth pressure was set at 100 torr. The MO source and
growth temperature were same as those in the first phase. |

For analyzing the structural propefties of the AlGaN epitaxial layers, high resolution
X-ray diffraction (HRXRD) technique using a Philips X'Pert PRO X-ray Diffraction System
was emplbyed. The instruments for -V and C-V measurements are still those used before.
New instrument was utilized to record the spectral photoresponses. The measurements were
pefformed _by using a light source comprising a quartz halogen 1amp, a xenon-arc lamp and a
deuterium (D2) lamp, a monochromator equipped with a 600 lines/mm ruled grating, and a
Kethley 6517A programmable electrometer. The optical system is calibrated by a UV
enhanced Si detector. Because of the attachment of D2 lamp, the wavelength of spectral

responsivity can be measured from 200 nm to 600 nm.

3.2 Reduction of threading dislocations in AlGaN layers using high-temperature GaN

interlayer

[II-nitride optoelectronic devices operating in the UV spectral ranges of UVB (280-315
nm) and UVC (100-280 nm) are now the focus of intense research interest [1-3]. For the
fabrication of these devices, thick Al,Ga,N epitaxial layers with high Al composition
(x>0.20) and high-crystalline quality are essential. A major obstacle concerning the growth
of such AlGaN layers is the large mismatches in the lattice constants and thermal expansion
coefficients between the AlGaN and the commonly used.substrate of sapphire. It is found
that the thick bAleal_xN (x>0.2) layers grown on sapphire substrate usually contain cracks

and/or high densities of threading dislocations (TDs), even with the use of nucleation layers
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(see Fig. 3.1). Such problem is also found in the AlGaN grown on GaN/sapphire template.
To overcome this issue, many efforts have been done to accommodate the mismatches, and
crack-free AlGaN layers with reduced TD density have been demonstrated by introducing

low-temperature (L.T) AIN interlayers [4] or AIN/AlGaN superlattices [5].

@ | tensile stress due to (b)
lattice mismatch

FIG. 3:1. (a) schematic structure of the 0.2-m-thick Al ;,Ga 55N layer grown on GaN/sapphire structure with
LT-GaN nucleation layer in our lab. (b) photograph of the Al 4,Ga 5N layer shows a large number of cracks
due to the tensile stress resulting fronf the lattice and thermal mismatch between AlGaN and GaN.

The recent success in the growth of thick AIN film on c-plane sapphire, 4the so-called
AlIN/sapphire template, provides a more encouraging solution to achieve high-crystalline
quality AlGa; <N (x>0.2) layers 3, 6]. Due to their much better lattice- and
thermal-expansion matching, the AlGaN 1ayers grown on the AIN/sapphire templates are
easy to be free of cracks. One problem, however, appears to be the high number of edge TDs
propagating from the underlying AIN layer [7]. Since the nucleation energy of the edge TDs
is much smaller than that of the screw TDs, the major TDs existing in GaN-based film
grown on c-plane sapphire are, in general, of edge type [8]. This is also the case for the
AlGaN layers on AIN/sapphire templates. It is then Qf interest to reduce the edge TDs in the
AlGaN layer. In this work, we demonstrate that the edgé-type TD density can be efficiently
suppressed by inserting a thin high-temperature (HT) GaN layer between the AlGaN layer
and AlIN/sapphire template. The effects Qf HT-GaN interlayer on the structural properties of

AlGaN layer are also discussed.

The AlyGaixN layers with Al composition of x=0.23 were grown by LP-MOCVD on
1-um-thick AIN templates prepared by LP-MOCVD on sapphire C substrates. The growth

on AIN/sapphire structure was initiated with a thin HT-GaN layer with thicknesses of 0, 20,
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25 and 28 nm, respectively. Then, a 1.0-um-thick Si doped Alp23Gag77N layer was grown
with a SiH, flow rate of 2 sccm, followed by a 0.5-pm-thick undoped Alg,3Gag 77N layer.
Both the growth processes of GaN and Aly23Gag 77N were carried out at 1180 °C with a

reactor pressure of 100 Torr. The V/III ratios for the growth of GaN and AlGaN are 3200
and 4000 respectively.

The structural properties of the samples were characterized by HRXRD. For the less
perfect crystals, such as AlGaN layers grown on c-plane sapphire, the broadening of XRD
peaks is dominated by three factors, namely, mosaicity, grain size and microstrain. The
mosaicity is a measure of the grain misorientation described in terms of out-of-plane tilt and
in-plane twist angles. As for the (0001) oriented AlGaN layer, the tilt misorientation is

mainly related to the screw (c-type) threading dislocations (TDs) with Burgers vector b, =
[0001], while the twist is mainly associated with the edge (a-type) TDs with b, =1/3[1120].

Assuming the screw TDs distributed at random, the density of screw TDs (p.) can be

—

2
estimated as p, = a” /(4.35(b,| ), where a,, is the tilt angle. The edge TDs, however, are
¢ a 4 g g

usually considered to distribute at grain boundaries separated with an average in-plane

correlation length (L, corresponds to average grain size), and the edge-TD density (p,) can

be assessed by a modified expression p, = a, /(2.1

L,), where a4 is the twist angle [9].

a

To evaluate the mosaicity and TD density, rocking scans (w scans) of symmetric
(000) (Z=2, 4, and 6) and asymmetric (123 1) reflections as well as an azimuthal scan (¢

scan) of (1231) reflection were performed. The measured symmetric rocking curves were
used to construct the Williamson-Hall (WH) plot of (f,sin6/A) verse (sin6/L), where f,, is the
integral breadth of a given (000/) diffraction péak at 20 angle, 0 the diffraction angle and A
the wavelength of the incident Cu Ka 1. Note that the employed rocking curves refer to those
taken under the triple-axis configuration, in which the three-bounce Ge (022) analyzer
crystal employed provides a small detector angular acceptance to rule out the microstrain
effect on the peak broadening. From a linear fit to the WH plot, the value of a,, is derived as

the slope and the value of L, is derived from the intercept of vertical axis (yp) with



4 La‘ =0.9/(2y,) [9]. The twist angle, howe{/er, is determined by recording both the w and ¢

scans of (123 1) reflection in skew geometry. As proposed in Ref. 10, the average value of
the full Width at half-maximums (FWHMs) of these two reflection peaks gives a figure of
merit for the twist.

In Table 3.1, the microstructural parameters of the samples analyzed from the HRXRD
measurements are summarized. It demonstrates that the tilt misorientation in AlGaN layer is
somewhat increased when the HT-GaN interlayer is inserted. The most increase in the tilt

angle is 111 arcsec, corresponding to a change of 1.5x 108cm™ | in the screw-TD density.

TABLE 3.1. Structural parameters deduced from the HRXRD data for the samples
grown with the HT-GaN interlayers of different thickness (fgan)-

tean a, L, &, L. Pa
(nm) (arcsec)  (um)  (degree) (ecm?)  (cm™)
0 263 - 0.38 0.321 1.4x10°  4.6x10°
20 374 1.70 .0.217 2.8x108  7.1x10°
25 274 1.95 0.181 1.5x10%  5.1x10%
28 365 102 0231 27x10°  1.7x10°

A possible reason for this increase is the screw-component threading segments from the
misfit dislocations (MDs) induced by the interlayer, as will be further discussed later. In
contrast, the twist misalignment in the AlGaN layers is obviously improved by inserting
HT-GaN interlayér.’ A minimum twist angle (ay =0.181°) is obtained when the interlayer
thickness is 25 nm, which is 0.14° less than that for the sample without the interlayér. The
timst improvement in the average in-plane correlation length is also found at this interlayer
thickness. As the results, the edge-TD density is effectively suppressed from 4.6x10° em™
down to 5.1x10® cm™.

To understand more about the effect of the HT-GaN ihterlayer on the strucfural
properties of AlGaN layer, the reciprocal space maps (RISMs) were recorded around (2024 )
reflection. Figure 1 shows the RSMs of AlGaN layers grown without and with a 25 nm HT-
GaN interlayer. The fully relaxed and fully strained positions relative to the reciprocal lattice

points (RLPs) of AlyGa; xN (x=0~1) are drawn, respectively, as incline and vertical dashed
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lines. In the locating procedure, the strain free in-and out-plane lattice constants are taken to
be 3.1892 and 5.1850 A for GaN, and 3.1114 and 4.9792 A for AIN [11], respectively. For
the AlGaN layer directly grown on AIN/sapphire template, the positions of AlGaN RLPs, as
compared with that of the fully relaxed RLP, indicate that the AlGaN layer is compressively

strained due to the constraint effect of AIN

léyer. It appears from Fig. 3.2(a) that this - 180 (a)

compressive strain is partially relaxed through g 5000

a progressive strain-relief process, in which the ' g’ 7300-

"in-plane lattice para\meter- is  gradually :é 7

increased while the out-of-plane lattice g 7790

’parameter is gradually reduced. Since the 'B'lm ’7{{"‘?599'73’03'7‘“0‘%'?60“%
RLPs of AlGaN layer is primarily elongated - (b)

along the Qy direction, it can be drawn that in '

this case the limited in-plane correlation length,

Q, /10001 10* 1A

rather than the mosacity, is the predominant

: 7700
factor for the broad scattering [12]. On the ' g40q ] G
other hand, by the insertion of a 25-nm-thick - 7000 7700 7300 7300 7400 75030 7800 7700
GaN, the AlGaN layer is almost fully relaxed Q, //11000] 10* VA

via a rapid strain-relief process [Fig. 3.2(b)]. This

FIG. 3.2. Reciprocal space maps arourid (2024 )
reflections of the samples grown (a) w1thout and (b)
with a 25 nm HT-GaN interlayer.

leads to a significant improvement in the
elongation and also an increase in the in-plane
correlation length (Table 3‘.1). A distinct feature of this structure is that the GaN interlayer
does not start growing pseudomorphic to the underlying AIN layer, due to the relative large
lattice mismatch '(2;5%) between AIN and GaN. In this case, interfacial MDs tend to be
introduced to accommodate the lattice mismatch. It thus turns out that, through the RSMs,
the inserted HT-GaN layer plays a role not only in the reduction of edge TDs, but also in the
relaxation of compressive strain.

A further investigation was performed by cross-sectional transmission . electron
microscopy (TEM) to get a direct view on the microstructures of the representative samples
without and with a 25 nm HT-GaN interlayer. Under g=(0002) two-beam diffraction

conditions, only the screw and mixed (a+c type) TDs with a c-type burgers vector



component are in contrast. As shown in Fig. 2(a) and (b), the TEM imagines reveal a low
number of screw-component TDs in the AlGaN layers of the two samples. The estimated
TD densities are ~1x10® cm? and ~2x10® cm™ for the samples with and without a 25 nm
HT-GaN layer respectively, which are consistent with the results from the HRXRD
measurements. It is apparent that such low-TD densities in the AlGaN layers should benefit

from the very few screw-component TDs running in the AIN layers.

FIG. 3.3. Cross-sectional TEM images for the AlGaN layers grown on AIN/sapphire .
templates without [(a) and (c)} and with a 25 nm HT-GaN interlayer [(b) and (d)]. (a)
and (b) are taken with the diffraction vector g= (0002) to image screw-component TDs;

(c) and (d) with g= ( 01 10) to image edge-component TDs. The inset of Fig. 3.3(d) is
a magnified image of the dislocation loop marked in dashed circle.

In the Fig. 3.3(c) and (d), the TEM images taken in g=(0110) two-beam diffraction
conditions are shown, in which only the edge and mixed TDs with an a-type burgers vector
component are in contrast. A high number of edge TDs running along the growth direction
can be observed in the underlying AIN layers. For the sample without the interlayer, these
TDs run into the AlGaN layer and bend at the interface due to the compressive stress
originating frqm the lattice mismatch between AlGaN and AIN. With the bending of line

direction, some TDs meet and react, leading to a monotonic decrease in the edge-TD density.
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Thé primary reactions of TD reduction are annihilation and fusion, whereas only the fusion,
in which two TDs react to form a éingle TD, can be clearly observed in Fig. 3.3(c). After the
reaction, many edge TDs are still left and their density is relatively high (~6x10° em?
estimated by TEM).

With the HT—GaN interlayer, the reduction of the edge TDs operates in a more efficient
way. In Fig.. 3.3(d), it can be seen that most of the edge TDs propagating from the
underlying AIN layer are blocked by the interlayer, leading to a significant drop of the TD
density in the subsequent AlGaN. layer. The major reduction occurs by the bending and
closing of pairs of TDs to form dislocation loops in the near-interlayer region. The estimated
TD density is ~ 8x10® cm™, reasonably consistent with that deduced from the HRXRD

evaluation.

FIG. 3.4. Magnified TEM cross-sectional image for the sample grown with
a-25 nm-thick HT-GaN interlayer under (a) bright-field g= (0002) and (b)

dark-field g=( OT 10) diffraction conditions.

From the Fig. 3.3(b) and Fig. 3.4(a), it is clear that the HT-GaN interlayer can also
block the screw-component TDs propagating from the AIN layer. An interesting observation
in Fig.3.4 is a MD with its threading arm (TA). Since the threading segment is visible in
either g= (0002) or g= (0110) image, its burgers vector should contain both a- and
c-component, i.e., b=a+c. Such a MD with its TA has been recently observed in the
Alo_zzGa;)qu/GaN system which arises from the glide of dislocation half-loop on {1122}
plane [13]. While Fig. 3.4(b) indicates that here, the MD segr;lent is generated at GaN/AIN
interface, and moves into the AlGaN layer in form of TA. We speculate that the slight
increases in the tilt misorientation after the insertion of HT-GaN interlayers may result from

the screw components of such mixed-type TAs. As a mixed-TD is a combination of a screw



and an edge compbnent, the mixed-TAs may also contribute to an increase in the twist aﬁgle
which is, however, mubh less than the decrease due to the blocked edge-TDs.

In summary, the reduction of TD density in Aly23Gag 77N layer grown on AIN/sapphire
template has been realized by insertion of a HT-GaN interlayer. Structural parameters
deduced from the HRXRD measﬁrements show that the reduction of TD density is ascribed
to the decrease of edge TDs, while the screw-TD density (or strictly speaking,
screw-component TD density) is slightly increased. TEM observations evidence the
HRXRD results and further reveal that such an interlayer can indeed block both the edge and
screw TDs propagating from the AIN layer. The slight increase in the screw-TD density is
speculated to result from the screw-component TAs of the MDs induced due to the
interlayer. At an optimum interlayer thickness of 25 nm, the edge-TD density is reduced by
one order of magnitude, while the screw-TD density is not much increased. It should be
noted that due to the absorption of UVB and UVC light by the HT-GaN interlayer, a tradeoff
is required between the light-transmission loss and the TD reduction in case of light

extraction or illumination from the substrate backside.
3.3 AlGaN UVB Photodetectors fabricated on AlN/sapphire template

Recent progress in developing AlGaN based UV PDs has demonstrated their great

potential as an alternative to the traditional UV sensing devices, such as PMTs and Si UV

detectors, which are high cost, unstable or inefficiency [14-18]. AlIGaN UVB photodetectors

with the long-wavelength cutoff in the region of 280~320 nm are of interest for a variety of

~ applications. Topics include ozone layer monitoring, medical and chemical analyses,

combustion and flame detection, UV curing detection, phototherapy cbntrol, and personal
exposure monitors etc [19]. A key issue limiting the performance of the state-of-art AlGaN
UVB PDs is the cracks émd/or high-density defects present in the AlGaN active epilayer, due
to the lattice and thermal mismatch between the AlGaN and the underlying epilayer. The
recent achievement of AIN(>1 um)/sapphire template is expected to improve this problem.
In the section 3.2, we demonstrated that the threading dislocation density in the Aly23Gag 77N
layer grown on AIN templates can be reduced by inserting a thin HT-GaN interlayer. In this
section, we describe the fabrication and characterization of the Alg23Gag 77N UVB Schottky
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photodiode based on AIN/sapphire template with and without HT-GaN interlayer.

The epitaxial structures of those grown on AIN templates has described in the section
3.2. Among the samples with different HT-GaN interlayer thicknesses, we selected the
25-nm thick one which shows the most reduction i‘n dislocation density to be used for device
fabrication. For the purpose of comparison, another set of Alg,3Gag77N layer on
GaN/sapphire structure was also grown on sapphirer. The epitaxial structure includes a
30-nm-thick GaN buffer layer grown at 500 °C, a subsequeht 2 pm-thick i-GaN layer grown
at étmosphere and 1180 °C, and a 0.2 pm unintentionally doped Alg23Gag 77N active layer
grown at 120 torr and 1180 °C. A thicker active layer is expected, but with the occurrence of
cracks in our samples based on GaN/sapphire structure. _

XRD measurements showed that the FWHMs of the (004) and (204) rocking curves are
362 and 789 arcsec for the Alg23Gag77N on GaN/sapphire, 225 and 857 arcsec for the
Alg23Gag 77N on AlN/sapphire template without HT-GaN interlayer, and 247 and 564 arcsec
for the Aly23Gag77N on AlN/sapphire template with a 25-nm HT-GaN interlayer,
respectively, indicating that the lowest TD density exists in the Aly3Gag7/N layers
deposited on AIN template with a HT-GaN interlayer.

D . @ _ M .

) PUNi___ Ni/Au A

und. AlozsGao 77N 0.2 il Z lﬂ_——Lun T Aot oS und. Alg 23Ga7N 0.5 ym
GaN 2 um TUAINVA]  pa-Alo 23Gao 77N 1um | gl;él.cl)\lz ?S:rfa;ﬁzlig
LT-GaN buffer AIN 1um AIN 1um
sapphire sapphire - sapphire

FIG. 3.5 Schematic cross-section of the UVB AlGaN Schottky photodiodes fabricated on (a) GalN/sapphire, (b)
AlIN/sapphire template, and (c) AIN/sapphire template with a 25-nm thick HT-GaN interlayer.

. The schematic cross-section structures of the three devices were depicted in Fig. 3.5.
Mesa structures were defined by RIE using BCl; gas. Ohmic contacts were formed with

e-beam deposited Ti/Al/Ni/Au. The transparent Schottky-contact dots with a diameter of
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400 pm were formed with Pt/Ni (70/15 A) layers, which was deposited using e-beam

evaporation and a standard lift-off 'process. Probe pads were deposited with Ni/Au bilayer.

Dark I-V characteristics of the resulting Schottky PDs were shown in Fig. 3.6. For the
device fabricated on AIN/sapphire template with a 25-nm HT-GaN interlayer, the leakage
current -is only 2.4 pA at -5 V bias, -

corresponding to a current density of "El 10 oo on GaN/sapphire
i . . Y lat
3.3x10 19 A/ecm?. This value is about three i 107 - g?l‘ilgt;glztz with
-orders lower than that of the Alg23Gag77N . %‘ 0= CaNlmterlayer
= -
PDs fabricated on GaN/sapphire structure. S T s ,
. : ) 10+ R
A comparison of the dark current density & | p— I RN
5 100 | | ﬁl
at -5 V bias for the three samples with @ -.f L TR Y
different structures are listed in Table 3.1. 0 8 6 4 2 0 2 4

. . Bias voltage
A comparison of the dark current density ge V)

at -5 V bias for the three samples with different  FIG. 3.6. Dark I-V characteristics of the Aly2;Ga 7N
Schottky PDs fabricated on AIN/sapphire templates
(with and without HT-GaN interlayer) and GaN

structures are listed in Table 3.2. The lowest
leakage (dark) current density achieved in the Jsapphire structure,
sample with a HT-GaN interlayer is ascribed to

the low defect density in the Alg23Gag 77N layers. The dark current in the sample directly
grown on AIN template is lower than that of the sample on GaN/sapphire, but is much
hi ghér as compared.with that in the structurer with interlayer. It has been pointed out that the
screw-type TD is a primary source of the leakage current in GaN Schottky diode [20]. As
shown in the Table 3.1, the estimation from XRD data shows, however, that the screw-type
TD densities are very close in the two-type sarﬁples on AIN template with and without
HT-GaN interlayer. The source for this relatively high leakage current is still not clear now.

A possible reason is that the high-density edge-type TDs shown in the structure directly

grown on AIN template also contribute to the leakage current.
Spectral responses of the photodiodes were measured in the wavelength range of

500~200 nm. The photodiode with the HT-GaN interlayer structure exhibits a sharp cutoff
at.the band edge of Alg23Gag77N (~310 nm, as shown in Fig. 3.7). The rejection ratio is
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more than four orders of magnitude by
A=360 nm. At a bias of -5 'V, the
responsivity is 58.7 mA/W under an
irradiation density of 1 uW/ecm?® with a
wavelength of 310 nm, giving the
QE of 23.5%.
photodiode

For the

constructed on
GaN/sapphire structure, the band-edge
and the

cutoff wavelength peak

responsivity are almost same as those of

the photodiode on AIN template. The

FIG. 3.7. Spectral responsivities of the zero-bias UVB

Schottky PDs with the three different structures under

the constant irradiation intensity of 1 pW/cm?.

rejection ratio, however, is only two orders

of magnitude by 360 nm. We speculate that

the larger leakage current combined with the long-wavelength response arising from the

i-GaN layer contribute to this lower rejection ratio. In the case of the photodiode directly

grown on AIN template, the inferior rejection ratio is due mainly to the relatively high

leakage current.

TABLE 3.2 Comparison for the performance parameters (dark current density at -5 V, Jy,
responsivity, external QE, and rejection ratio by 360 nm) of the three different structure
samples (I. grown on GaN/sapphire, [I. grown on AIN template without interlayer, III.
grown on AIN template with a 25-nm-thick HT-GaN interlayer ).

Performance parameters

dark current Js @-5V (A/cm?)

responsivity (mA/W)
external QE (%)

rejection ratio by 360 nm
(orders of magnitude)

I i n.
3.3x107% 3.3x10"° 3.3x101°
58.2 53.7 58.7
23.3 21.2 23.5

2 3 4

As illustrated in Fig. 1.1, the luminescence spectrum of gas flame has a peak at 310 nm.

According to this spectrum, the AlGaN UVB Schottky PDs should have response to the

lighter flame due to the emission of UVB light. Since the light intensity of UVB is very

weak, large area photodiode is expected to be used to get enhanced photoresponse. In the
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meanwhile, low dark current is also demanded. A large size UVB Schottky photodiode with
active area of 4x4 mm?> was, therefore, fabricated on AIN template with a 25-nm HT GaN
interlayér. A photograph of the resulting device is shown in Fig. 3.8(a). The photoresponses
of our 4x4 mm’ size UVB photodiode to the lighter flame are demonstrated in Fig. 3.8(¢c).
Under the dark background, it can'be seen that the UVB photodiode has clear
photoresponses -to the lighter flame. The background noise of room light was found,
however, to result in responses about half as large as the lighter-flame signal. Therefore, to
eliminate the effect of room light, it is needed to develop high-performance solar-blind

(UVC) AlGaN photodiodes.
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FIG. 3.8. (a) photograph of the UVB Schottky PD (4x4 mm? active area) fabricated on AIN template with
the insertion of a 25-nm-thick HT-GaN interlayer. (b) photograph of the lighter flame detection apparatus.
(c) photoresponses tolighter flame detected by the UVB Schottky PD biased at 0 V. and placed ~15cm
apart in the backgrounds of dark and room light, respectlvely

In this phase of our research project, we have achieved the high-performance
Alp23Gag 77N UVB Schottky-PDs based on AIN/sapphire template. With the reduction of TD
density in the AlGaN layers by inserting a HT-GaN interlayer, the fabricated devices show
the improved performances of low dark current and high UVA rejection ratio. Dark current

density as low as 3.3x10""° Alem? at -5 V bias and zero-bias external QE of 23.5% at 310
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nm were obtained. The capability for detecting the flame of lighter is demonstrated by the

photodiode with the large active-area of 4x4 mm?>.
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4. AlGaN solar-blind photodiodes

4.1 Epitaxial growth and experimental procedure

In this research phase, in order to fabricate sblar—bind‘ photodiodes, the growth of
Al Ga; N layers was shifted to high Al compositiori AlGaN with x>0.4. The growth method
is still the LP-MOCVD operating at pressure of 100 torr. '

For the deposition of Schottky photodiode structure, the growth temperature was kept at
1180 °C, while for the deposition of p-i-n photodiode structure, the tempeiature was
adjusted to 1170 °C due to the upgrade of Taiyo Nippon Sanso SR2000 MOCVD system.

It has been realized that reducing the dislocations in the AlGaN epitaxial layers is very
important for improving the photodiode performance in terms of dark current and rejection
ratio. Accordingly, in this phase, our task is to grow low threading dislocation (TD) density
AlGaN epitaxial films. The goal is to reduce the dislocation density to a level comparable to

that of a common GaN layer grown on

. » . 1600
sapphire substrate (the total TD density - Al, ,Gag N u
of screw-type and edge-type is in the 1400(~ sapphire m
yP ge-type 1 I AiNtemplate @
range of high 10 to low 10° cm™). To ® 1200 4HSIC A
estimate the dislocation density, the § 1000:_ o V_\._\. -
. . . E . ~ : ’.\ . .. -.\\\ .\ A
method described in the section 3.2 can § [ ° ‘ e Tl m
= 80T @ b RN
be used. It has been well established, 2 4 ° ':\ (416, 782 A A
. L S 6oo[ (188,688) (332.667) A
however, in AlyGa; 4N epitaxial films *“ r ’ : LN
that the X-ray rocking curve for the L7
symmetric  (0002) reflection is  x0l{piidls % R
200 300 400 500 600

broadened only by screw-component FWHM o5, (arcsec)

TDs, while the X-ray rocking curve forthe o )} bwvive of the HRXRD rocking curves for the

asymmetric (10 1 2) reflection is (0002)and (10 1 2) reflections of Aly.4GageN films grown
on substrates of sapphire, 4H-SiC, and AIN/sapphire

broadened by all TDs [1]. The FWHM of  template, respectively.

o scan thus reflects the epitaxial quality of the grown film. For simpliﬁcation, we define a

goal zone of the FWHMs for (0002) and (10 1 2) reflections (as shown in Fig. 4.1), in which

the corresponding TD density in AlyGa;«N (x>0.4) layers is approximate to that in a general

GaN layer grown on sapphire substrate.
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In an aim for comparison, we have grown the Aly4Gag¢N epilayers on the substrates of
sapphire, 4H-SiC, and AlIN/spphire template, respectively. In the three series samples, the
Al 4Gag¢N epilayer grown on AIN template demonstrates the lowest TD density, suggesting
that the AIN template may be the most proper substrate for fabricating solar-blind
photodiodes. Besides, the experimental data from XRD measurements indicates that
reducing the FWHM of (0002) [or (10 12)] rocking curve always results in an increase in
the FWHM of another reflection. That is, there is a trade off between the screw type and
edge type TD density. Therefore, in this stage, our research on growth focused on providing
an acceptable level of overall TD density.

For fabricating solar-blind photodiodes, the primary processing procedure is identical to
that described in section 3.1. In the fabrication of p-i-n solar-blind photodiodes, p-type

activation was performed by thermal annealing in N, ambient at 800 °C for 30 min.
4.2 AlGaN solar-blind Schottky phofodiodes on 4H-SiC substrates

- The development of AlGaN based UV photodetectors is driven by the requirement for
the compact, stable, and low cost UV sensing device in both the military and industrial
applications, such as early missile threat warning, secure space communications, and flame
detection [2-5]. It is of special interest for the Al,Ga; N photodetectors with the Al
composition of x>0.4, which have a long-wavelength response cutoff around 280 nm. Since
the solar radiation with wavelengths shorter than 280 nm is filtered out by the ozone layer,
the AlyGa;N (x>0.4) photodetectors operating in this so-called solar-blind region are
inherently able to ‘dete,ct low-‘in‘tensity terrestrial UV signals with minimum natural
background interference. Compared with photoconductors, photovoltaic detectors Would be
the better choice for many solar-blind applications due to their potential to provide low dark
currenf, high UV/solar rejection and high detectivity at low operating bias. To date,
solar-blind AlGaN Schottky and p-i-n phofodiodes with low dark current, high ‘quantum
efficiency and high detectivity performance have been reported [6-11]. Despite these
advances, the perforr’nance.of state-of—art AlGaN solar-blind phdtodiodes is still limited by
the high density of defects present in AlGaN epilayers. In general, AlGaN epilayers are

grown on sapphire substrates. The large lattice and thermal expansion mismatches between
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the sapphire and the subsequent epilayers often cause crack network and/or high-density
threading dislocations (TDs) in AlGaN layers, even with the introduction of buffer layers.
The high-density TDs, however, were found to be responsible for the low performance, such
as large leakage (dark) current and broad spectral cutoff, of AlGaN based photovoltaicy
detectors [4], [12], [13].

Silicon carbide has a much better lattice matchto AIN (1.1%) and GaN (3.5%), and is
- gaining increased popularity as a substrate for the growth of the Al,Ga,«N epilayers. It is
expected to grow high quality crack-free Al,Ga;xN (x>0.4) layers on SiC substrates. to
achieve high-performance solar-blind photodiodes. The AlGaN epitaxial layers for the
Schottky-photodiode structure wére grown on n-type (0001)s; 4H-SiC substrates
LP-MOCVD at 100 torr. Before the growth, substrates were cleaned in organic solvents and
etched in H,SO4H,0, (4:1) and dilute .HF solutions and then rinsed in deionized water.
Epitaxial growth started with the deposition of a 0.2-um AIN layer, followed by a 0.1-um
thick graded layer and a 1 um-thick unintentionally-doped Alg 4,GagssN layer. A 1 um-thick
highly doped (n'~1.8x 108 cm'3) Alo42Gag sgN layer was subsequently deposited to provide

ohmic contact. Finally, a 0.5-um thick, unintentionally-doped Alp4>GagssN was grown as.

illumination
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FIG. 4.2. (a) Cross-sectional schematic view of the solar-blind AlGaN Schottky photodiode based on n-type
4H-SiC substrate. (b)HRXRD rocking curves of the (0002) and (10 1 2) reflections from Aly 4Gag¢N films.

active layer. A mirror-like and crack-free surface morphology was observed for the grown
sample. The structural properties of the Al 42Gag ssN layers were investigated with HRXRD
measurements. Figure 4.2 depicts the HRXRD rocking curves (o scan) of the (0002) and
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(1012) diffractions. As shown in Fig. 1, the FWHM values of the (0002) and (1012)
diffrac'tion‘peaks are 472 and 683 arcsec, respectively, indicating a high crystalline quality.

For fabrication process, the ohmic contact regions were etched down to the n'- |
Al 42Gag sgN layer using RIE process with 10 scem BCl; at 3‘ Pa and 10 W RF power. Prior
to the métal contact evaporation, the wafers were etched in boiling aqua regia and rinsed in
deionized water to remove native oxide from the surface. Ohmic contacts were formed by
electron-beam deposition of Ti/AI/Ni/Au (150/800/120/600 A) and a lift-off process,
followed by an 800 °C anneal for 30 sec in the N, ambient. Pt/Ni layers (60/20 A) were
deposited on the undoped AlGaN layer and lifted off to obtain rectifying contacts with an
area Qf 1.0x1.0 mm?. Ni/Au layers (200/2000 A) were finally deposited as contact pads.

2 Dark [I-V characteristics of the

JF  w FWdata: - fabricated . AlGaN Schottky PDs were
10" |- ~—==Curvefit ~ o . ]
< [k shown in Fig. 4.3. The figures of merit
- 10 |- R ST T A2
& - P "If=1~3x10'2'0ej19w¢'; are: an- ideality factor »=2.0, Schottky
E 10 R e ) ) ,
I A T Sy barrier height of ¢u, =1.4 eV, and a
£ 10 [ [=9.9x107% Y - i 9
8 L o e forward/reverse current ratio I¢/I=1.4x10
107+ LR T RREEEE
Wb e at +/-5 V. The value of ideality factor
10 rl'l'lllli'i '||||i1|”l'\l"r'l"'!l"l 1l lii 11 .
0 8 6 4 2 0 2 a4 largely deviating from unity might be
Bias voltage (V) caused by the generation and

FIG. 4.3. Dark /-V characteristics of the solar-blind recombination of carriers in the depletion
AlGaN Schottky PD with Schottky contact area of : . L
1x1 mm2. The dash lines représent the exponential ~ region, interface states, and thermionic field
fits to the forward and reverse [-V curves. L L . .
‘ ‘ emission in the fabricated - diodes. The
reverse dark current at a typical 5 V bias is 2.2 pA, corresponding to a current density of
2.2x1071° A/cmz. This value is one of the lowest values reported for AlGaN Schottky
photodiodes. We ascribe this low leakage current to the high crystalline quality of AlGaN
epilayers. ‘

Using the method described in the Ref. 14, the dynamic resistance Ro, which is defined
asR, =(dl/dV)™|,_,, was extracted from the exponential curve fittings to both the forward

and reverse dark I-V curves. The consequent value is R=6.4x10'*Q), leading to the
resistance-area product RoA=6.4x 10" Qem?.

)

1 .
Figure 4.4(a) shows the photocurrent spectra of the zero-bias Schottky photodiode -
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illuminated under the different irradiation power densities. Also shown is the photocurrent
spectrum at -5 V bias with 1 pW/cm? illumination. The photocurrents were measured with

the subtraction of the dark current. All responses

_ pover density: exhibited a sharp cut-off around 280 nm. Under
< L luW/cm 2
g II. 100nW/cm’ the low-intensity illumination of 10 nW/cm®,
g 2 ' :
3 - lonxzzs rejection of more than two orders of magnitude
S \W .
2 0Vbias was achieved in the wavelength range of 270 nm
B . to 310 nm. The rejection ratio increases to three
II L1l II L1l II L1 |I' 1111 lll 0 | ’

250 300 350 400 450 s00  decades when the photodiode is illuminated by
Wavelength (nm) . . 9 .
intensity of 1 pW/cm”, as a result of the increase

—O6—-5Vbias
—&— 0 Vbias

luW/em’ Alg 4Gap sgN. Using the data of photocufrent /AR

of photocurrent above the absbrption edge of

the responsivity ( R') can be calculated as

R =1, /(PA), where P is the illumination pbwer
(b)

Ot logay

Responsivity (x10°A/W)
3
l1ll|lll|lllll|llll|ll Illll'

el density and 4 is the active area. Because the
240 280 320 360 400

Wavelength (nm) photocurrent increases linearly with the
F1G.4.4. (a) Photocurrent spectra under the illumin- illumination intensity, the responsivity remains

ation of different incident power density; (b) Spectral . .
responsivity of the AIGaN Schottky PDs at 0 V and almost constant in the measuring range of 10

'lsu\\l,vljia;’z_underanmadiaﬁon power density of nW/cm? to 1 uW/cmz. It was found that the
peak responsivity around 256 nm is about 44 mA/W by zero bias and increases to 51 mA/W
by -5 V bias [Fig. 4.4(b)]. The corresponding external QE values are 21% and 25%,
respectively. , \

| For the solar-blind photodiode, the noise arising from the background radiation is far
below that arising from the thermal agitation of carriers. The photodiode is then limited by
thermal noise. With the zero-bias responsivity of R=21% and the resistémce-area product
of Rpd=6.4x10"? Qcm?, the detectivity D* at room temperature (T=296 K) is evaluated as
7.9x10" ecmHz"?W™', a value even higher than those of the reported high performance
solar-blind AlGaN p-i-n photodiodes [7], [15].

In this work, we fabricated the solar-blind AlGaN Schottky photodiodes grown on |
4H-SiC substrates. The photodiodes show the leakage current density as low as 2.2x10°"°

Alem? at -5 V bias, which is ascribed to the high crystalline quality of the epitaxial structure
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grown on 4H-SiC. Zero-bias peak responsivity of 44. mA/W was obtained at 256 nm under
an illumination power density of 1 pW/em?, corresponding to an external QE of 21%. A
rejection ratio of more than two orders of magnitude was achieved under the low intensity
illumination of 10 nW/cm?. A solar-blind detectivity was evaluated as 7.9x10' cmHz"2W!

at 256 nm and zero bias.

4.3 AlGaN solar-blind Schottky photodiodes on AIN/sapphire templates

In developing high-performance AlGaN Solar blind photodiddes (SBDs), the substrate
becomes a key factor concerning the epilayer quality and its influence on detector
performance. In order to address the substrate issue for AlGaN epitaxy, various efforts have
" been taken to acCommodéte the mismatches. Significant improvement in dislocation density
and detector characteristics have been shown by introducing epitaxial lateral overgrowth or
low-temperature AIN interlayers [6,13]. We have also achieved the high-perforrhance
AlGaN Schottky SBDs fabricated on 4H-SiC substrate [16]. Compared with these
approaches, the recently emerging technology of growing a thick AIN film (1um) on c-plane
sapphire, namely AIN/sapphire template, may ’provide a preferred solution for achieving
high quality AlGaN epilayer [17,18]. High performance is then expected for the AlGaN -
- SBDs based on AIN/sapphire template. In this section, we describe the growth, processing
and characterization of the Al 42Gag sgN solar-blind Schottky photodiodes on AlN/sapphire
templates.

Photodiode structures were prepared by LP-MOCVD on 1-um-thick AIN/sapphire
templates. A 0.1-um AIN transition layer was at first deposited. This layer is followed by a
thin compositionally graded Al,Ga;..N layer with Al compositions, x, from 0.7 to 0.4, a
1.0-ym-thick unintentionally doped Alo,gGao.sN layer, a 0.8-um-thick Si doped
n -Aly 12Gag ssN ohmic-contact layer, and a 0.7-um-thick unintentionally doped Al 4,Gag sgN
active layer. The Al compositions of the AlGaN epilayers were determined XRD
measurements. The structural properties investigated by XRD rockiﬁg curves show that the
FWHM of the symmetric (0002) and asymmetric (10 12) reflection peaks for the
Alp4xGag sgN epistruc;ture were about 205 and 770 arcsec, respectively, as plotted in Fig.

4.5(b). An estimation‘using the method described in Ref. 19 shows that the Alg4,GagssN
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active layer is of high crystalline quality with a screw-TD density of ~7x10” ¢cm™ and an
edge-TD density of ~~3x10° cm™. Observation with an atomic force microscope reveals that
the surface morphology is free of crack with a roughness of about 0.43 nm across a 2x2 pum’

scanning area.

illumination
NilAu pzg  PUN
TI/A'/N|/AU@| und. - Alp42GagsgN 0.7 l@ FWHM(OOOZ)é FWHM(IO'IZ)=
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FIC. 4.5. (a) schematic structure of the Aly 4,Gao ssN Schottky photodiodes on AIN/sapphire template.
(b) XRD rocking curves of the (0002) and (10 1 2) omega scans for Alg 4,Ga, sgN layers.

Device procesvsing was started by defining mesa structure with RIE method down to the
n'-Aly 4GaggN ohmic-contact layer. The plasma ambient was BCl; gas with a flow rate of 10
sccm under the ‘pressure of 3 Pa and RF power of 10W. In order to remove the damages
induced by RIE, the etched samples were treated in the boiling aqua regia for 10 min, rinsed
in deionized water for 5 min and then annealed in N, ambient at 750 °C for 1min. Ohmic
contacts of Ti/Al/Ni/Au (150 /850 /250 / 600 A) were deposited by electron-beam
evaporation, and annealed with a rapid thermal annealing (RTA) system at 850 °C for 30 s
in N, ambient. For semitransparent Schottky contacts, Pt/Ni (60/20 A) layers with area of

500x500 pm’ were electron-beam deposited. Just prior to the vaccum eVaporation, the
samples were dippped in HCI:H,O (1:1) solution, and reinsed in deionized water to cleaning
the surface. Optical transmission analysis performed in wavelength range of 200 to 500 nm
showed a flat spectral transmittance of the Pf/Ni contact ranging from about 36% to 43%.
The fabrication of the devices was completed with the deposition of Ni/Au (25/200 nm) -
bilayer as bonding pads. A schematic structure of the device after the fabrication is shown in

Fig. 4.5(a).
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The fabricated photodiodes demonstrate very low dark current. As shown in Fig. 4.6,

dark current as low as 40 fA was obtained at a typical reverse bias of 5 V, corresponding to

Current (A)

L, @260nm, 1uW/em®

Illllllllllly

-15 -10 -5 0

Bias voltage (V)

5

F1G. 4.6. I-V curves of the Al 4,Gay sgN Schottky
photodiode taken in dark and under illumination.

a current density of 1.6x10™'" A/cm?. This value

is among the lowest values reported for AlGaN

based photovoltaic diodes. The dark cﬁrrent

exponentially increases with the reverse bias, but
is only about 1.2 pA at the -10 V bias. In contrast
to the reverse dark current, the photocurrent
under the 260-nm monochromatic illumination is
quite flat and at least one order of magnitude'
higher in the entire measured voltage range. It

was also found that for most of the samples, the

reverse breakdown voltages were around ‘25' V. Schottky contact parameters were extracted

from the forward I-V curve by linear fitting based on the thermionic emission model. The

resulting Schottky barrier height (SBH), ideality factor, and series resistance were 1.5 eV,

1.9 and 210 Q, respectively. Also evaluated is the dynamic resistance at the zero-bias, Ro,

which is deduced from Ro=(dldV)' by

exponential fitting to both the forward and

reverse I-V curves [14]. The resulting value is

Ry=2.0x10" - Q, giving the product of

R0A=5.OX10]2\Qcm2, where A is the contact area
" of Schottky electrode.

C-V characteristics were recorded using a
HP4284 LCR meter at 100 kHz. In Fig. 4.7(a),
the C-¥ and 1/C%-V plots of a typical photodiode
are presented. The 1/C2-V relation gives a SBH of
1.8 eV and an average net carrier concentration of
2.8x10' em™ for the AlGaN active layer. The
SBH determined from the C-V data is 0.3 eV
larger than that from the -V analysis. Moreover,

the ideality factor is much larger than unity
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despite the low net carrier concentration. These results suggest that the current transport in
our dévices involves mechanisms other than thermionic emission. In Fig. 4.7 (b), the depth
profile of net carrier concentration derivéd from C-V curve is shown. It is seen that the
carrier concentration of the active layer remains roughly constant in the region deeper than
~200 nm and gradually increases toward the surface. Such an-increase of the carrier
concentration near the surface has been reported due to the shallow oxygen donors, which
are easily incorporated at the surface of MOCVD-grown AlGaN layer with high Al
composition [20,21]. We speculated that the nonideal /-V behavior with the large ideality
factor is caused by the heavily doped surface region resulting from these donor impurities. A
further improvement in the device performance such as leakage current and reverse
‘breakdown voltage can be expected by reduciﬁg these unintentional surface doﬁors.

Figure 4.8 demonstrates the spectral responses of the. Alp4GagssN Schottky

photodiodes. The photoresponse measurements

were carried out in the wavelength range of 200 to 10 P
‘ 10 op 5
500 nm. As seen from the plots in the Fig. 4.8(a), o i:g;‘n”vi,i;m
the spectral photocurrent begins to cut off at around M :m::z
(~10V)

284 nm, which is 80% drop-off from the peak value.

Photocurrent (A)

A rejection ratio of more than two orders of

magnitude was observed between 270 and 300 nm LNV, A S—

at a low illumination intensity of 10 nW/cm®’.

Increasing the illumination intensity leads to an

increase of the spectral photocurrent above the
Alg 4,Gag sgN Band edge. Consequently, the

rejection ratio rises to four orders of magnitude

Responsivity (MA/W)

when the photodiode is illuminated at 1 pw/em?

Wavelength (nm)

Intensity. In Flg' 4’8(b) the responsivity spectra FIG. 4.8. (a) Photocurrent spectra taken under the

different illumination power density; (b) Spectral
responsivity of the Al 4,Gay ssN Schottky photo-
diode biased at 0, -5 and -10 V.

calculated from the measured  spectral
photocurrents are shown. Since the photocurrent
increases linearly with the illumination intensity, the solar-blind responsivity keeps nearly
constant for the intensity from 10 nW/ecm? to 1pw/em?. Under the 1pw/cm? illumination, a

zero-bias peak responsivity of 41 mA/W is observed at 256 nm, corresponding to an external
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QF value of 20 %. The responsivity increases with the reverse bias and reaches to 54 mAW
(external QF =26%) at -10 V. With the consideration that for solér-blind photodiodes the
limiting source of noise is thermal noise, the specific detectivity, D*, of our devices
operating in the photovoltaic mode (without bias) can be estimated from the obtained values
of RoA and zero-bias responsivity. The then calculated D" values are found to be higher than
2.5x10"ecmHz "*/W in the region from 200nm to 280nm and with a maximum of
7.0x10“cmH">/W at 256 nm at a room temperature of 298K.

In summary, the'high-perfomance Al 42Gag ssN solar-blind Schottky photodiodes were
fabricated on AIN/sapphire templaté. The solar-blind photodiodes exhibitéd very low dark
current, which is 40 fA at 5 V reverse bias. A rejection ratio of two orders of magnitude by
300 nm is observed even under a very weak irradiation density of 10 nW/cmZ. The peak
external QE is 20% by zero-bias and increases to 26% by 10 V bias at 256 nm. RoA product
of 5.0><‘1012 Qcm® was obtained, leading to a high specific detectivity of
D'=7.0x10"cmH"*/W at 256 nm.

To iﬁvestigate the response characteristics of the Alg42Gag ssN Schottky SBDs to lighter
flame, we fabricated large-size Aly42GagsgN Schottky SBDs with ah active area of 2x2 mm>.
The large active area SBDs can provide high photocurrent, making us easy to identify the
detector signals. The completed prototype devices are shown in Fig. 4.9(a). Dark current

density as low as 6.6x10"'" A at -5 V bias was obtained [Fig.4.9(b)]. Peak responsivity for
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FIG. 4.9. (a) photograph of the large-size Aly4,Gag ssN SBD with active area of 2x2 mm?.
(b) I-¥ curves of the large-size Alj4,Gag ssN SBD under the dark and illumination conditions.

zero bias is measured to be 38 mA/W at 260 nm, giving the external QE of 18%. The value

for estimated detectivity is 1.2x10'* cmHz'*W™.
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FIG. 4.10. The responses (photocurrents) of the Alj ;,Gag sgN 'Schottky SBD to the lighter flame placed
at distances of 15, 30, and 60 cm from the detector.

By using this device, the experiment to verify the detection of lighter flame was
conducted under a fluorescent room light. Flame signal of ~30 pA was observed when the
lighter was set ~15 cm apart from the detector (as shown in Fig. 4.10). The signal decreased
to ~5 pA when the separatidn distance was increased to 60 cm, which because the UV
irradiation from the lighter flame was strongly absorbed by air. It was also found that the
effect of room light is negligible for this Aly4,GagssN Schottky, SBD. From a practical view
point, however, the flame signal delivered by our device is still too low for the resolution of
photodiode preamplifier. Besides, with the consideration of cost/benefit tradeofT, the active
area of our AlGaN SBD is expected to be equal to or smaller than 1x1 mm?. Assuming an
active’area of Imm” and a detector-lighter separation of 5 m, it is estimated that a solar-blind
responsivity of at least 10 A/W is needed for our devices to WOrk as flame detector [22].
This means that an internal gain of ~ 300 is required for AlGaN SBD. To achieve such an
internal gain, one of the solutions is to develop AlGaN based solar-blind avalanche
photodiode (APD). To date, a major obstacle in achieving AlGaN solar-blind APD is the
premature microplasma breakdown before the electric field reaches the level of bulk
avalanche breakdown. Compared with Schottky-barrier photodiodes, the p-i-n junction
photodiodes are generally suitable for high-voltage applications, because of the high
breakdown voltage. According to this, the next subject of our research effort was decided to
develop AlGaN solar-blind p-i-n photodiodes with high performances in terms of low dark

current_; high breakdown voltage, and high responsivity. Ultimately, the final goal of our
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research is to fabricate AlGaN solar-blind APD with multiplication gain of higher than 300,

based on the structure of high-performance solar-blind p-i-» photodiodes. -

4.2 AlGaN solar-blind p-i-n photodiodes

Currently, a research focus on the AlGaN SBDs is the p-i-n structure photodiode,
attracted by the advantages of high' breakdown voltage, low dark currént, and high quantum
efﬂciéncy [6,13,23,24]. In the past few years, the advances in the AlGaN p-i-n SBDs have
led to the realization of high performances such as low dark current density on the order of
10" A/em? at -5V bias [7,15], high quantum efficiency of 53% at zero-bias [7], and high
detectivity of 4.9x10" cmHz"%/W [15]. In spite of these impressive results, the development
of high-quality AlGaN p-i-n SBDs still remains challenges. The lack of suitable lattice- and
thermal-matched substrates causes the high defect density in the Al,Ga;xN (x2=0.4)
epilayers and impedes the device performénce. Moreover, for p-type AlGaN epilayers, the
activation energy of p-type doptant increases with the Al cdmpo‘sition, making the p-type
doping of high Al-content AlGaN difficult. In our previous works, we have demonstrated
the high quality solar-blind AlGaN Schottky photodiodes fabricated on substrates of 4H-SiC
and AIN(~ 1 um)/sapphire template [16,28]. We report, in this section, the high performance
solar-blind Alj 45Gag ssN p-i-n photodiodes fabricated on AIN/saaphire terhplates.

The growth was initiated by the deposition of a tri-layer structure comprised of a 100-nm
homoepitaxial AlIN layer, a thin compositionally graded AlyGa,xN layer, and a 1.0-pm-thick
uninfentionally doped Alp4sGagssN layer, aiming to improve the overall crystalline quality
and reduce the threading dislocations runniyng into the subsequent layers. Next, the p-i-n
structure was grown, consisting of a 0.5-pm-thick heavily Sicdoped (Np~3x10'® cm™)
n+-A10,45Gao‘55’N layer, a 0.2-um-thick unintentionally doped Alg4sGagssN layer, and a
30-nm-thick p-Alo,45Gao,55N'layer. The structure was terminated with an Mg-doped graded

- Al,GaiN layer followed by a p"-GaN (Na~2x10% em™) layer to facilitate p-type ohmic
contact. For the p-type layers, the activation of the Mg dopant was carried out by thermal
annealing at 800 °C for 30 min with N, gaszﬂowing/. The root mean square (RMS) value of
the surface roughness measured by atomic force 'microscopy (AFM) was less than 1 nm over
a 3 umx3 pm area. HRXRD analysis shows that the FWHMs of the (0004) - and

w-20-scan for the Alo4sGaossN epilayers are 142 and 151 arcsec, respectively. Such low



FWHM .values benef"lt from the AIN/sapphire template which provides good lattice and
thermal matching with the subsequent AlGaN layers. The screw TD density deduced from
the XRD data is ~4x10” ecm™[19], denoting that this epistructure is of sufficiently high
crystalline quality to fabricate high performance device [13,29].

Figure 4.11 depicts the schematic structure |

. 3

of a completed device. Standard processing ‘ -

Ni/Au
techniques were employed for the device PrGaN_10nm
p -graded Al 4Gag gN~GaN 12 nm
. N . . N Ni/A P -AlgsGapgN 30 nm
fabrication, including photolithography, dry etch, . r o6 AloGacaN0.20m
electron-beam and thermal -evaporation, and lift % -Alo G0N 0.5um
off. Mesas with the area ranging from 0.08 to und. Ao4GaosN Tum
2 graded-ALGa,,N 0.1um
0.27 mm” were defined RIE method to the —— Ao
n'-Aly 45Gag ssN layer. To recover the damages AIN 1pm
caused by RIE, the etched samples were treated .
_ » sapphire
by a procedure described in the previous section.

Ti/Al/Ni/Au and Ni/Au metallizations, thermally ] ]
FIG. 4.11. Schematic cross-sectional structure of
“annealed in N> ambient at 850 and 550 °C, were the AlnssGaossN solar-blind p-i-n photodiode.
utilized to provide the n-type and p-type ohmic contacts, respectively. Ni/Au layers of ~500
nm thickness were deposited on the top of two-type ohmic contacts as contact pads.
In Fig. 4.12, the dark I-V characteristics of a solar-blind p-i-n photodiode are presented.

From the forward region, we obtained an

102 ideality factor of »=2.13 and a series resistance
| < . . . .
ik E°T of R=194 Q, suggesting a high quality p-i-n
| Eof ' .
< 10°F g 5k junction in which the current transport
= I o L Il 1 1 I / 3 . 3 3
8 10° [ 00 5 4 ; ; 0 mechanism is governed by recombination. The
s ad B Forward bias (V) .
o " forward turn-on voltage is about 5.4 V, as
107 - n=2.14 ) ) )
WF /R 1940 shown in the inset of Fig. 4.12. Very low dark
10 - s
E— e E— currents were observed in the fabricated
-30 20 -10 0 10 ’
Bias voltage (V) photodiodes. Leakage (dark) current of only 70

FIG. 4.12. Dark [V characteristics of the 520x520 yum* A was obtained at a reverse bias of 5 V,
active-area Al 4sGag ssN p-i-n photodiode fabricated . ’ .
on AIN/sapphire template. The inset displays the linear- which corresponds to a current density of

scale forward /-V curve. _ .
2.6x10"" A/ecm®. The dark current remains
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less than 1pA up to -10 V and less than 2 nA up to -30 V bias. The dynamic resistance of the
photodiode, defined as R = dv/dl , is larger than 10° Q in the measured reverse bias range.

By fitting to the forward and reverse I-V curves, we obtained the value of dynamic

" resistance at zero bias as Ro=7.9>< 10" Q, yielding a dynamic resistance-area product of Rp4=

2.1x10" Qem?. To investigate the processing

effect on the dark current, the dependence of

wn
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—— -20V
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Current density (nA/cmz)
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dark current density on perimeter to area (P/A)

ratio was examined (Fig. 4.13). It is clear that

N
S

the dark current density is nearly constant with

varying perimeter-to-area ratio, indicating that 10

the mesa-sidewall leakage is not significant in Ot
: v 0 100 200 300 400 500

our devices. The low leakage current of the Perimeter/Area ratio (1/cm)

photodiodes, we suggest, is due‘ mainly to the 1Fnlfl;1e jffk?ﬁﬁffﬁ?éﬁ c;itgi:edpa;fl Iil;?c'il?o d:rr;ity
low TD density in the AlGaN epilayers and the ratio.
high quality p-i-n junction. |

Spectral photoresponses of an Alg45Gag ssN solar-blind p-i-n photodiode with 520x520
um?® active area are shown in Fig. 4. Each tested device was uniformly illuminated from the
top side. The photocurrent was measured as the difference between the currents under the
illumination and in the dark. In the case of Ipw/cm? illumination, it was observed that the
photocurrent of the zero-biased photodiode, Fig. 4.14(a), reaches a peak at ~258 nm and
falls by two and four orders of magnitude from the peak value by 290 nm and by 310 nm,
respectively. We ascribed the high rejection ratio to the high UVC photoresponse and the

low dark current. It is shown that increasing the reverse bias to 15 V results in a decrease of

the rejection ratio as the noise associated with dark current increases. Also, the rejection

‘ratio reduces with the weakening of illumination intensity as the UVC photocurreht

decreases. The photocarriers generated in the p-GaN cap layer ‘were found ot to -
significantly contribute to the photocurrent, whibch is due primarily to the block by the band
offset at p-type GaN/AlGaN interface. As shown in Fig. 4b, the zero-bias peak responsivity
is evaluated as 63 mA/W at 258 nm, which corresponds to an external quantum efficiency
(QE) of ~30 %. This highv external QE value may be attributed to the thin p*-GaN cap layer

used in our p-i-n junction structure and the low defect density in the AlGaN epilayers, as
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compared to those values reported in Ref. 4 and

10°F (@) L 1uWren
Ref. 8. The peak responsivity reaches 82 mAW < 107wl Il.lOOnW/cmzz
(external QE~39%) when the device is biased at g i e
-15 V, due to the extension of depletion region. §
The upper-bound specific detectivity D" estimated §
o

from the RoA product and zero-bias responsivity is

shown to be 7.1x10" emHz"%/W at 258 nm.

paadleasl

400 500

In summary, high quality Alo4sGaossN s 80f_(b) | ‘”V_Vl’;“;z’
solar-blind p-i-n photodiodes on AIN/sapphire E 605_ \ Elg\\lf
template have been fabricated. Dark current as low g‘ .oV
as ~ 70. fA was achieved at -5 V bias for the % 405_
520x520 pm® mesa area devices. The peak § 205_
external QE at 258 nm is 30% by zero-bias and * 102_(')(')""“‘3'00“' ‘“L'w(')'“ H 5‘00
increases to 39% by 20 V bias. A rejection ratio of Wavelength (nm)

FIG. 4.14. Photoresponse spectra of a represent-
ative Al 45Gag 55N p-i-n photodiode with an active
area of 520x520 pm?

two orders of magnitude by 290 nm is observed
under a weak irradiation density of 1 pW/cm’. At
room temperature, the upper-bound detectivity is about 7.1x10"* cmHz'"*/W at 258 nm.
However, a drawback of the Alj45GagssN p-i-n SBDs presented above is the premature
breakdown or the soft breakdown (large increase in the leakage current) occurs at a ]c;w
voltage, typically lower than 40 V. Repeated experiments demonstrate the identical behavior
of the breakdown voltage. Since in our Alg42GagssN Schottky SBDs, we have achieved
breakdown voltages of more than 50 V, it can be inferred that this low-voltage breakdown in
the p-i-n SBDs may not result from processing during device fabrication or from i-and
n-type Alo,45Gao_55N layers. It is most likely related to the p-type layers due to the low
doping efficiency and high density of defects. For solving this problem, we changed the
thickness of the p*-GaN cap layer to investigate its effect on the breakdown voltage and
leakage current.
- The four samples under investigation have the same epilayer structure except for the
thickness of the p*-GaN cap layer (10, 20, 35, and 50 nm), as shown in Fig. 4.15(a). The
experimental procedure was carried out according to the method described above in this

section. For the photodiodes with the cap layers thicker than 10 nm, recess etch was
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performed to reduce the strong absorption of the top UV illumination. The RIE recipe used
for recess etch was identical to that for n-type ohmic contact. The etching depths of the

20-nm, 35-nm, and 50-nm cap layers were approximately 15, 30, and 45 nm, respectively.

10,

forenery 'P"'Q@,N ............... 9 g(s)’

p-graded layer >
P-AlGaosN | 50 nm
F und-Al 45GagssN 0.2pm
#'=Aly45Gag ssN 0.5 pm

breakdown

&

—
o|

Und.-A|o,45Gao.55N 0. 8pm

und.-AlLGas«N 0.1um
AN layer 0.1 pm

AIN 1 um
sapphire

._
°l
-3
T

Dark current @40 V (A)

—
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d
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Thickness of p+-GaN (nm)

FIG. 4.15. (2) Schematic cross-sectional structure of the Al, 4sGag ssN p-i-n SBDs with p*-GaN
cap layers of different thicknesses. (b) The dependence of the dark current at -40 V bias on the
thickness of the p*-GaN cap layer. :

It was found, as shown in Fig. 4.15(b) that there is a trend towards lower dark (leakage)
current (at -40 V bias) with thicker p"-GaN cap 1ayer. Strong breakdown was not observed
in the devices with thicker cap layers (>10 nm) up to bias voltage of -200 V.

For investigating the avalanche multiplication effect at the high reverse biases in the
Alp4sGagssN p-i-n SBDs, we performed more detailed‘measureme'nts on the photodiodes

with the p"-GaN cap layer thickness of 35 nm.

2
10 .
| 520x520 um® ' QE=37% 520x520 um®
< 10 %
~ -2
=) -6— < 10
g 107 2
g B E 10'3 - '
5 10 - 2 :
x i R=259Q s .|
8 10" | n=2.6 g 10
R l 4
]0-12"-lllllllllllllllllll|III|1JI|I ) 10-5-l-l|||||||||||||||||||||||||||||
20 <15 <10 -5 0 5 10 200 250 300 350 400 450 500
Bias voltage (V) Wavelength (nm)

FIG. 4.16. (a) Dark I-V curves of the Aly 45Gag ssN p-i-n SBD with a p*-GaN cap layer of 35 nm.
(b) Spectral responsivity of the p-i-» SBD measured under the zero bias..

Dark forward and reverse I-V curves of the device with a 35-nm cap layer are shown in
Fig. 4.16(a). The ideality factor, », of this p-i-n photodiode was found to be 2.61 and the

series résistance, R, was ~259 Q. Under -5 V bias, the measured dark current is about 49 pA,
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corresponding to a current density of 1.8x10® A/cm®. The reason for the increase in the
leakage current, aé compared with that obtained in the photodiodes with a 10-nm thick
p*-GaN cap layer (2.6x10™"! A/cm? at -5 V bias), is not very clear at present. A possible
factor responsible for this leakage increase may be the surface recombination current
resulting from the surface defects induced by the dry etching (RIE) process. For most of the
samples, no breakdown was observed at high reverse biases, up to the limit of our
instrument (200 V). ,

Spectral responsivity of the Al 45Gag ssN p-i-n SBD at zero bias is shown in Fig. 4.16(b).
The peak external QE is 37% at 256 nm (the corresponding responsivity is 77.4 mA/W).
This value is about 7% higher than that obtained in the device with a 10-nm thick p-GaN
cap layer, which is ascribed to the recess etch of the p+-GéN cap layer. Shown in Fig. 4.17 is

the reverse I-V characteristics measured under

i = 1000
the dark and UV illumination at a wavelength

of 254 nm. In the low reverse bias region 100

Gain

from 10 to 60 V, the photocurrent remains 10

nearly constant indicating a unity-gain

behavior. After 60 V bias, the avalanche gain [0 SIS A WO MR |
) o o 0 20 40 60 80 100
becomes obviously visible. The multiplication Reverse bias (V)
gain (M) was ‘ determined using the  FIG. 4.17. Reverse I-V characteristics under the dark
and illumination (A=254 nm) and the multiplication
photocurrent at -10 V bias as the unity-gain gain as a function of the bias voltage (right axis).
reference point. The maximum avalanche gain is about 49 at 98 V reverse bias. At biases
higher than 98 V, the avalanche gain decreases due to the rapid increment in the dark current.
Unfortunately, Geiger mode breakdown was not observed in the fabricated device. Besides,
the relatively high leakage (dark) current density is needed to be reduced to a level of 107"
A/em?. These suggest that further investigation on the optimization of device structure and

the improvement of crystal quality are necessary in our future works.
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5. Summary

This research project is devoted to the development of high-performance Aleal_XN
(0=x<1) UV photodetectors for flame sensing. Studies have been performed on the
LP-MOCVD epitaxy growth, fabrication and characterization of AIGaN MSM, Schottky
barrier, and p-i-n junction photodiodes. AlGaN based UVA, UVB, and UVC (solar blind)
photodiodes with low dark current and high detectivity have been successfully developed.

In the first phase of this project, by employing Ir/Ni/Ir electrode, we have achieved low
dark current density of 1.8x10"° A/em? at -5 V bias and high detectivity of 5.8 x10" cm
Hz'”W! at 345 nm in the GaN UVA Schottky photodiodes on sapphire substrates.

To fabricate AlGaN UVB photodiodes, high-quality AlyGa;..N active layer with Al
composition of x>0.2 is necessary. It has been found that epitaxial AlGaN layers with low
defect density are of great importance for the success of UV photodiodes. In this research
phase, AlN/sapphire templates kwere introduced to be used as the substrate for growing thick,
crack free and high-crystalline quality Aly23Gag77N epilayers. High quality AloA23Gao;7N
layers with reducéd dislocation denéity have been obtained by inserting a thin HT GaN layer
between the AlGaN layer and AlN/sapphire template. The UVB Schottky photodiodes
fabricated on thesg low-dislocation-density Al 23Ga0_77N layers demonstrated low dark
current of 3.3x107'% A/em? at -5 V bias and zero-bias external QE of 23.5% at 310 nm.
Using a large‘ active area (4x4 mm?) UVB Schottky photodiode fabricated on the same
epistructure, we have detected the UV signal from the lighter flame. The detector response
to the room light was also observed. Consequently, solar-blind photodiode is expected to
eliminate the effect of this background noise.

High-performance solar-blind Alg4,GagssN Schottky photodiodes were fabricated both

on AIN templates and 4H-SiC substrates. A HT-AIN transfer layer and a graded AlGa; N
layer were introduced to improve the crystalline quality of the Aly42GagssN epilayers. The
resulting photodiodes demonstrated a solar blind detectivity as high as 7.9x10"* cmHz"*/W.
This is the highest value of detectivity reported fbr AIGaN solar-bind detectors (SBDs). A
summary of the photodiode performance parameters for the AlGaN SBDs reported by our
and other research gfoups is listed in Table 5.1. To investigate the response characteristics to.

the lighter flame, we used an Alp4yGagssN Schottky SBD with 2x2- mm? active area to
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det’eét the flame signal. The Aly4GagssN photodiode demonstrated a photocurrent of about
6 pA when placed 60 cm apart from the lighter. It was also found that the effect of the
fluorescent room light is negligible for our solar-blind device. However, from a practical
application view, the photocurrent is still too low and an internal gain of at least 300 is
needed. As a final goal, we decided to develop AlGaN solar-blind avalanche photodiodes
with multiplication gain larger than 300.

~ Our attempt to fabricate AlGaN solar-blind APDs was based on the structure of the
high-performance p-i-n SBD (see Table 5.1). A 35-nm thick p*-GaN- layer was capped on
the top of the p-i-n structure to improve the breakdown voltage. The resulting devices
exhibit linear-mode avalanche gain of about 49 at -98 V bias. Geiger mode avalanche
breakdown was not found in the devices. Besides, the dark current was relatively high
(1.8x10® A/ecm?® at -5 V bias), which may result from the surface recombination current
related to the RIE (recess etch) induced defects.

These results suggest that, for fabricating high-performaﬁce AlGaN solar-blind APDs
beihg used as flame sensor, more efforté are required in optimizing the growth conditions
and procedure to decrease the density of the line and point defects present in the AlGaN
layers and improving p-type doping efﬁciency.

TABLE S.1. Summary of the photodiode performance parameters for AlGaN Schottky and p-i-n SBDs
reported by the leading research groups.

detector cutoff active dark current  external
Research Groups structure Wavelength  area Ja @-5 V QE@OV
(nm) (mm? ___ (Alem?) (%)
Bilkent University, | Schottky 274 00225  7~18x10"° 5
Turkey .
Appl. Phys. Lett. 82, 2344 (2003). PIN 283 0.01 3.0x10™" 30
University of Texas,
Austin, USA 11
Appl. Ph):s. Lett. 80, 3754 (2002). PIN 28(,) 0.05 8.2x10 3
Meijo University & 25 3.5%x107
Osaka gas Ltd. Japan .
Jpn. J. Appl. Phys. 39, L387 (2000). PIN 270 -0.07 4.0x10"° 35
, 4.0 2.1x10” 21
-10
Nagoya Institute  of Schottky 276 1.0 2.0-10°" 21
Technol 0.25 1.6x10 21
echnology PIN 3 0.27 2.6x10™" 22
0.27 1.8x10° 37




