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Nitrides push performance
of UV photodiodes

CAN BAYRAM and MAMNIJEH RAZEGHI

quant

Development of wide-bandgap 111
nitride semiconductors has been a sub-
ject of intense focus since the 19940s,
primarily driven by the quest for blue
lasers and high-brightness light-emit-
ting dindes (LEDs; see www.laserfocus-
wirld. comfarticles!366358). In parallel,
1-nitrides have been studied extensive-
ly for use in ultraviolet (UV) photode-
tectors because they offer intrinsic vis-
ible- or solar-blind detection (sce www.
laserfocusworld.com/farticles 346 708),
which would eliminate che need for ex-
pensive and cfficiency-limiting apii-
cal filters to remove out-of-band vis-

ible or solar photons. Such detectors
would be well suited for numerous ap-
plications in the defense, commercial,
and scientific arenas, including covert
space-to-space communications, eardy
missile-threat detection, chemical and
biological chreat detection and spec-
troscopy, Hame detection and moni-
toring, UV environmental monitoring,

cusword. comfarticles/343746).

Despite the advantages of I1I-
nitride-based photodetectors, how-
ever, photomultiplier tubes (PMTs) sull
dominate in many of these applications.
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Photomultipliers can
provide high sensitiv-
ity using internal elec-
tron-multiplication
gain {typically ~10°),
2NIC1IES  and a degree of visi-
hle- orsolar-hlindness
with careful selection
of photocarhode mate-
rial. But PMTs are also bulky and
fragile, and require large biases (tvp-
ically 1000 V) to operare effectively.
Therefore, a compace, highly sensitive
semiconductor-hased photodetector
wauld be a welcome aleernarive.

In principle, it is possible to achieve
this goal with [ll-nitrides by taking
advantage of avalanche multiplication
under high electric felds—rvpically
2.7 MVfcm. With proper design, this
can correspond o an external reverse
bias of less than 100 V.1

Back is better

Despite the relative ease of grow-
ing front-illuminated gallium nirnde
(GalN} APDs, back-illuminared GalN
APDs have proved o be more advan-
tageous.t In a back-illuminated (p-
doped) intrinsic {n-doped) (PIN) GaN
structure, in which photons reach the
#-type layer first, most holes are inject-
ed into the high-gain multiplication re-
gion {see Fig. 1, left). This enables high-
er gain and betrer overall performance

because with GalN, near the critical

field strength, the impact-ionization

coefficient of the hole is higher than

the impact-ionization cocfficient of the
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electron. In addition, the integration of
APD arrays with read-out electronics 15
easier in a back-illuminarion scheme,

Besides higher gain, a back-illuminated
APD generates less noise. Because ioniza-
tion events are intiated only by holes, sta-
tistical variation in the avalanche process
is reduced as the holes traverse the multi-
plication region. In a normal back-illumi-
nated device structure, the absorption of
photons is not limited to the m-tvpe laver,
and a portion of the photons is absorbed
in the multiplication region itsclf, This
means that gain s not necessarily hole-
initiated since electrons can be penerared
by photons absorbed in the mulaplica-
tion region. Electron contribution to gain
results in Jower gain and higher noise
than should otherwise he possible.

O way to overcome this limitation is
to insert a thin u-rype separation region
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between the absorption and multiplica-
fion regions oo create a separate absorp-
non and multiplication APD (SAM-ATD)
structure. The use of SAM regions s a
common approach o reducing multipli-
cation noise and enhancing gain through
impact-ionization engineering. Gallium
nitride avalanche photodiodes designed
this way allow for nearly pure injection of
holes into the multiplication region, and
henchit from the higher ionization cocth-
cient by offering lower noise performance
and higher gain (see Fig. 1, right).*

More measures for performance
In addition to impact-ionization engi-
neering, carefully controlling material
quality and doping can also enable ber-
ter performance.

The breakdown voltage of APDs
is largely determined by electric-field
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FIGURE 2. infroducing §doping reduces breskdown woltege and incressss gain in lnear
mode, 85 shown by comparing conventional bul- (2it) and §doped (right) SAM-APDa.

buildup in the device and the voleage at
which the critical electric field is reached.
Because the dark current rends toincrease
with voltage, reducing the hreakdown
volrage can be advantageous for achieving
higher gains. For a given multiplication
widrh, the primary limitation on the elec-
tric-field buildup is the low carrier con-
centration of the p-GalN layer.

The p-Ga quality 15 low for two rea-
sons. First is a tradeoff in growth conds-
tions because conditions that maximize
magnesium (Mg} incorporation can
degrade GaN quality. Second, the high
activation energy of Mg requires that it
be incorporated into the lattice at a level
almost 100 times higher than the desired
carrier concentration—which leads to a
disruption of the GaM lattice.

To overcome this and realize a high-
quality p-Gal, we have investigated
the use of a novel &-doping technique.”
Compared to regular bulk p-rype doping,
d-doped p-GalN layers have demonstraned
higher structural and electrical quality.
By incorporating &-doped p-Gal¥ into a
SAM-APD structure, we have produced
devices with superior performance.

Comparing conventional and &-doped
SAM-APDs makes clear that &-doping
reduces breakdown voltage and increases
gain in linear mode (see Fig. 2. Our work
produced maximum gain of §3,000
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at 91 V—a factor of 50 higher chan in
the conventionally doped device. The
enhanced performance is a result of ber-
ter material quality and electric-field con-
finement in the mulkiplication region. A
major issue for UV back-alluminated GaM
APDi1s low diffusion length in the s-Cial
below the active region. This limies hole
injection from the n-layer where most of
the absorption occurs, and leads to low
quantum efficiencies—which eventually
restricts single-photon detection efficiency
in Geiger-mode operation. [t 15 possible
to improve external quantum efficency
(EQE]) (at bow voltages when gain is unity)
by using aluminum (Al) in the #-layer to
help shift absorption toward the ~GaM
region. It is difficult to see avalanche gain
in such devices hecause the propagarion of
dislocations from the n-AlGa{In)N [alu-
minum gallivm indinm nitride) laver into
the multiplication region increases in dark

current significantly, We noticed that the

breakdown and avalanche gain character-
istics of AlGaN APDs suffered for similar
reasons. And, we demonstrared back-
illuminated Ga™N/AIGa{ln}N heterojunc-
tion APDs—which have a hard avalanche
breakdown, reliable avalanche gain, and
inherently high EQE (see Fig. 317 Using
AlGaN tor the n-layer increased the quan-
tum efficiency from 34% to 37%.
Singl Lon detectlon

Many applications can henehr from—and
some actually require—UI'V detectors with
single-photon detection capahilities. In
APDsiris possible to realize single-photon
detection by using Gegger-mode operation,
which enrails operating the APDs well
above the breakdown voltage and wsing
pulse-quenching circuitry, When the elec-
tric field is high enough that a single change
carrier injected into the multplication lay-
er triggers a self-sustamed avalanche, the
current will flow untl the avalanche is ex-
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ternally quenched. By developing a back-il-
luminated Geiger-mode APD, we have re-
alized Geiger-mode APDs with a SPDE of
23% and a dark-count rate below 10 kHz
(our measurement limit).”

We measured the pulse detection eth-
ciency of a fabricated GalN APD at dif-

ferent photon Huxes [photonsfpulse) by
varying the incident optical power. At
high photon Huxes, the pulse detection

ethciency was 100% and approached

the SPDE value as we reduced the num-
ber of photons per pulse. In the 625 pm?
area devices, we reached SPDE of 20%

and
includes the so-called solar-blind range.

between 350 230 nm—which
Below the bandgap, we measured a sharp
cutoff and a high visible light-rejection

ratio {more than 107; see Fig. 4)

Responsivity {ma/W)

Ultraviolet detection is impostant—many
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