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The significant applications of UV photodetectors

UV detectors have important applications
in the fields of environmental monitoring,
life science, solar physics, electric power
industry and defense.

Biological sensing Environmental monitoring
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Photodetectors working in solar-blind UV band
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Solar-blind band ~ 240-280 nm

Solar radiation in this band is completely absorbed by the ozone layer of
the atmosphere and does not reach the earth surface. Detection in this
band in full daylight is therefore performed with negligible background
and at high signal-to-background noise ratio.
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llI-nitrides for UV-detector applications
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By adjusting its Al-content, the direct bandgap energy of AlGaN alloy
varies from 3.4 to 6.2 eV, covering the conventional UVA/UVB as well
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High field operation requires high crystalline quality
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A typical MOCVD GaN

film on sapphire Large lattice mismatch
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. non-radiative recombination centers
It is well accepted leakage paths

that defects in GaN, carrier traps

especially TDs, are: and scattering centers ......
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Sumitomo
Electric’s
bulk GaN

Bulk GaN is gradually commercially
available, but what we really need is
high-quality epi-layer.

g

HV_P_E GaN template Homo ep ita'xy
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* Different thermal conductivity

. Need more experience
+ Small wafer size normally

* The bulk GaN technology is not that mature. The GaN
substrate might not be truly epi-ready.

An extreme case:

Severe sub-surface
damage revealed
by CL,

rms roughness ~
0.5 nm
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In-situ micro-etching technique

Materials: bulk GaN substrates from several vendors and
HVPE GaN template prepared by Nanjing Univ.

Process: annealing the samples in a mixture of NH; and H, at
the high temperature for a certain time period.

What happens: we believe that the residual surface damages
can be reduced by this controlled decomposition process.
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High crystalline-quality GaN homo-epilayer
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DD ~ 4X10° cm= Crystalline-quality is further
GaN substrate dependent improved through homo-epi
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g Wide-range-control of n-type doping
+ High-doping: up to ~ high 10'° cm= CV profile
* Low-doping: down to ~ low 10'¢ cm-3 @5 =
4:>_
» Semi-insulating: ) N ——
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al o
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7 E, By using a Schottky-diode-like
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MSM-PDs on GaN homo-epilayer

* MSM PDs have many intrinsic

advantages over other types of . B
PDs. ey
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MSM-PDs on Bulk GaN
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‘;;;,; Ultra-low dark current is achieved !
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Dark current of the PD is significantly reduced, even at elevated
temperatures.
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The PD still exhibits an internal gain mechanism, which is attributed to
photo-generated holes trapped at the semiconductor/metal interface as
well as field-induced image-force lowering effect.
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If we further increase bias until the critical electrical field of GaN is reached
along the edge of contact electrodes, the MSM PD just introduced could
change into an APD ! Itis the largest GaN APD reported so far.
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The BVs of the MSM-APD show a positive temperature coefficient

of 0.15 VIK, confirming that the gain is dominated by avalanche

breakdown mechanism.
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5 August 2011
Metal-nitride semiconductor avalanche for UV detection

Researchers in China have repattad the first demonstration of 2 gallium nitride (GaMi-hased planar
metal-semiconductor-metal avalanche photodiode (APD) sensitive to uliraviolet light [F. Xie et al,
|IEEE Electran Device Letters, published online 14 July 2011]. The research group consisted of
sclentists from Nanjing National Laboratory of Microstructures, the Jiangsu Provincial Key
Labaratory of Advanced Photonic and Electranic Matetials, and Manjing University.

#1 N The researchers used conductive free-standing bulk Gal substrates created via hydride vapor

phase epitaxy (HVPE) to Improve material quality. These substrates are much more expensive than

the sapphire substrates used commercially as a base far nitride growth. However, as technigues
u riﬁ e rs develop itis to be hoped that free-standing GalM will drap in price. By using such substrates, the

p researchers were able o make devices with 400pm x 400pm effective device area, which is claimed

to be the largest for GaN-based APDs so far reported,

Awalanche photodiodes work in a reverse-bias state, where a photon that is absorbed produces an
electron - hole pair, the eleciron ofwhich then accelerates in the high bias field and goes onio

) create further electrons by impact ionization. Gallium nitride has a wide bandgap of about 3 4e¥ that
Hﬂ%mz makes it sensitive to ultraviolet light with wavelengths greater than 365nm.
It is important in such devices that dark current and premature breakdown microplasma effecis be
W reduced. As usual, these problems in nitrides are linked to material quality. The most cormmercial
Knowledgé : technigue at present for producing nitride semiconductor devices is to grow the material on
for Compound sapphire substrates. Howewer, such growth results in many dislocations and other defects. The

Semi Metallization presence of defects restricts the area of devices that can he achieved, usually to less than 100pm in
diameter

Elemental

The free-standing substrates used for the Chinese research wete 320pm thick 2nd had 2 room-

temg fture conductivity of ~0.01 0-crm. Metal-organic chemical vapar deposition (MOCYD)
homoepitaxy added a 1um heavily n-type Gal buffer layer, followed by a 3pm n-type GaM active
layer,

The dislocation density in the GaN layer

G
was measured via cathodoluminescence i i
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AlGaN-based solar-blind photodetectors
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The biggest challenge lies in the material growth !
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Full comiosition ranie can be covered.
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Basic material characterizations
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* The FWHMs of (002) rocking curves are commonly below 300 arcsec.

* Clear atomic steps can be observed for most Al compositions indicating
smooth surface morphology.
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; 1. Small-size (400 X400 um?) AlIGaN MSM
solar-blind photodetector

Semi-trans Ni/Au (5/6nm)
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By developing a special surface passivation technique, record-low
dark current is achieved !
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E Remarkable photo-response characteristics
S for harsh environmental applications
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* RT, 10V bias: Max QE~64%, Rejection ratio (275/350nm) >1.8 X104
+ 150°C, 10V bias: Max QE~51%, Rejection ratio (275/350nm) >8 X103
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l; & _J 2. Large-size (6 X5 mm?2) AlGaN MSM
= solar-blind photodetector
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« Largest-area AlGaN PD reported so far
* Record-low dark current density (3.2X10-12 A/lcm2, 20 V)
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Photo-response characteristics of the large-area PDs

A =~ %
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A, M
RT, Max QE~28% (10V bias), Rejection ratio (275/350nm) >1 X104,
suggesting good material uniformity.
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Large-area solar-blind AlGaN-based MSM photodetectors with ultra-low dark current
Electron. Lett -- 4 August 2011 -- Volume 47, Issue 16, p.930- 931

F. ¥ie (1), H. Lu {1}, D.J. Chen (1), P. Han (1), R. Zhang (1), Y.D. Zheng (1}, L Li (2), W.H.
Jiang (Zy and C. Chen {2

{1) Nanjing University, Jiangsu Provincial Key Laboratory of Advanced Photonic and
Electronic Materials, and School of Electronic Science and Engineering, Nanjing,
People's Republic of China

(2) Manjing Electron Devices Institule, National Key Laboratory of Monalithic Circuits and
Modules, MHanjing, People’s Republic of China
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» PIN-type PD has larger fill
factor and is capable of PV-
mode operation.

Ni/Au » Epi considerations:
i |
P-GaN~50nm sio, (1) AlGaN window layer for
graded P-AlGaN(Al:0.45-0)~20nm « back-illumination operation;
P-Rlo 4562 ssN~80nm (2) AIGaN/AIN short-SLs for
I-Alo 4562 55h=150nm Ti/AlTi/Au strain relief and dislocation
graded N-AIGaN(Al:0.60-0.45~20nm - filtering:
Il N ’
N-Aly 6o Gag 4oN~-600nm (3) Several composition-
Aly 6oGag 4 N/AIN SLs~400nm gradident layers for easy
AIN ~400nm carrier collection;
Sapphire substrate (4) P-GaN cap layer for p-ohmic

T 1 1 1 Backside illuminated e
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» Low RT dark current and stable photo-current at high temperature;
~ Under 0V bias (PV mode), max QE~52%, rejection ratio~10°%;
~ Under 5V bias (PC mode), max QE~64%, rejection ratio>103.
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AlGaN-based resonant-cavity-enhanced (RCE)
photodetectors

DBR DBR

. Absomtion Region A

I

Incident
light

I

r e’

Advantages: wavelength selectivity, narrow spectral width,
high speed, and high quantum efficiency (QE)
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High-Al-content AIGaN/AIN DBR structure growth
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At 320 nm, the max reflectance of
the AIN/Al, ;Ga, ;N DBR (30 periods)
is ~93.5%.
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* The reciprocal space mapping
contours reveal that these DBRs
are coherently grown.

* An AlGaN layer with gradient
Al composition is located
between the Al ,Ga N and AIN
layers along the [0001] direction.
It is attributed to the fact that Ga
atoms in AlGaN are pulled and
segregated to the upper layer by
the strain.
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; AlGaN-based RCE photodetectors

L —
Ni/Au 35.3nm ) Alp;Gag /N X
O ——

(60nm ) p-GaN Ti/Al/Ni/Au e © neA103GaOAN | ey

(20nm )i-GaN (g, d) I( -

( 613nm ) n- Al;3Gag 7N
(38.2nm ) AIN 20
(35.30m ) Aly;Gag N } e
(38.2nm ) AIN
(2000nm ) GaN buffer

Sapphire (0001 )

A 20.5-pair AIN/Al, ,Ga, ;N DBR is used as the back mirror and a 3-pair
AIN/Al, ,Ga, .N DBR as the front one. In the cavity is a p-GaN/i-GaN/n-
Al, ;Gag ;N pin structure.
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Selective wavelength response Incident angle dependence
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A response peak of 0.128 A/W at 330 nm with a FWHM of 5.5 nm is
obtained under zero bias. Under different incident angles, a significant
wavelength shift is obtained, which suggested a convenient
wavelength tuning method by controlling the incident angle.
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Summary

1. Wide bandgap lllI-nitride semiconductors are very attractive for
UV photodetector applications due to their wide tunable direct
bandgap, and other superior physical properties.

2. Material growth is critical and still challenging for improving the
overall device performance, especially for APD applications.

3. Several proto-type PDs working on visible-blind and solar-blind
wavelength regions are demonstrated successfully:

~ GaN MSM APDs on bulk GaN (early stage)

AlGaN-based solar-blind MSM and PIN PDs
(ready for transition to practical applications)

. AlGaN RCE PDs (early stage)
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