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Gain and temporal response of AlGaN solar-blind avalanche photodiodes:
An ensemble Monte Carlo analysis

C. Sevika) and C. Bulutayb)

Department of Physics, Bilkent University, Bilkent, Ankara 06533, Turkey

~Received 21 April 2003; accepted 17 June 2003!

Multiplication and temporal response characteristics ofp1-n-n1 GaN and n-type Schottky
Al0.4Ga0.6N avalanche photodiodes~APD! have been analyzed using the ensemble Monte Carlo
method. Reasonable agreement is obtained with the published measurements for a GaN APD
without any fitting parameters. In the case of AlGaN, the choice of a Schottky contact APD is seen
to improve drastically the field confinement resulting in satisfactory gain characteristics. For the
GaN APD, an underdamped step response is observed in the rising edge, and a Gaussian profile
damping in the falling edge under an optical pulse with the switching speed degrading towards the
gain region. In the AlGaN case, alloy scattering is seen to further slow down the temporal response
while displacing the gain threshold to higher fields. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1602163#
in
a
fo

v
t

rtu
fe
sm

o

g

d,
t

-
c
r

s
n

oc
ef
-
le

of
c
A

ch
jo
in
tra
b

re

o a
ac-
r-
n-
tion

ing
ble

of
ergy,
eys
lo-

om-

ther
nd
se

nn–
lic
s.
MC
1
we
ble,
nta-

an
a

w-
ias

mp

ar-

sed
To obtain ultraviolet photodiodes having internal ga
due to avalanche multiplication is a major objective with
potential to replace photomultiplier tube based systems
low-background applications.1 The AlxGa12xN material with
x>0.38 becomes a natural candidate for the solar-blind a
lanche photodiode~APD! applications which can also mee
high-temperature and high-power requirements. Unfo
nately, due to growth related problems, such as high de
and dislocation densities causing premature micropla
breakdown, there has been as yet no experimental dem
stration of an APD with the AlxGa12xN material. As a matter
of fact, even for the relatively mature GaN-based technolo
few reports of observation of avalanche gain exist.2–5

While the material quality is being gradually improve
our aim in this letter is to meet the immediate demand
explore the prospects of~Al !GaN based APDs from a com
putational perspective. Within the last decade, several te
niques have been reported which model gain and time
sponse of APDs. Most, however, approximate the carrier
always being at their saturated drift velocity and impact io
ization rates are usually assumed to depend only on the l
electric field; for references, see Ref. 6. While nonlocal
fects have recently been incorporated,7 the dubious assump
tion on carrier drift velocity remains. Among all possib
techniques, the ensemble Monte Carlo~EMC! method is po-
tentially the most powerful as it provides a full description
the particle dynamics. However, only a small number of su
simulations have been reported, predominantly on Ga
based APDs.8,9

For the high field transport phenomena, the EMC te
nique is currently the most reliable choice, free from ma
simplifications.10 All standard scattering mechanisms are
cluded in our EMC treatment other than dislocation, neu
impurity and the piezoacoustic scatterings as they only
come significant at low temperatures and fields.11 Impact
ionization parameters for bulk GaN are extracted from a

a!Electronic mail: sevik@fen.bilkent.edu.tr
b!Electronic mail: bulutay@fen.bilkent.edu.tr
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cent experiment of Kunihiroet al.12 As for the case of AlN,
due to lack of any published results, we had to resort t
Keldysh approach, while Bloch overlaps were taken into
count via thef -sum rule;13 for details, see Ref. 14. Furthe
more, the polar optical phonon and ionized impurity pote
tials are screened by using random phase approxima
based dielectric function.15

The band structures for GaN and AlN are obtained us
the empirical pseudopotential technique fitted to availa
experimental results and first principles computations.16,17

For the alloy, AlxGa12xN, we resort to linear interpolation
~Vegard’s Law! between the pseudopotential form factors
the constituent binaries. The necessary band edge en
effective mass, and nonparabolicity parameters of all vall
in the lowest two conduction bands and valence bands
cated at high symmetry points are extracted through the c
puted bands of GaN and AlxGa12xN. To account for the
remaining excited conduction and valence bands, we fur
append additional higher-lying parabolic free electron a
hole bands. At this point it is important to stress that we u
the actual density of states computed using the Lehma
Taut approach,18 rather than the valley-based nonparabo
band approximation, in calculating the scattering rate19

This assures perfect agreement with rigorous full-band E
simulations20 even for the hole drift velocities at a field of
MV/cm. To decrease the statistical noise on the current,
employ more than 60 000 superparticles within the ensem
and use the higher-order triangular-shaped-cloud represe
tion of the superparticle charge densities.21 The Poisson
solver is invoked in 0.25 fs time intervals not to cause
artificial plasma oscillation. All computations are done for
temperature of 300 K. To avoid prolonged transients follo
ing the sudden application of a high field, the reverse dc b
is gradually applied across the APD over a linear ra
within the first 1.25 ps.

Even though, our principal aim is to characterize sol
blind APDs attainable with the band gap of Al0.4Ga0.6N, we
first test the performance of our methodology on GaN-ba
2 © 2003 American Institute of Physics
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visible-blind APDs where a few experimental results ha
recently been reported.2–5Among these, we choose the stru
ture reported by Carranoet al.4 having 0.1-mm-thick unin-
tentionally doped (1016 cm23)n region sandwiched betwee
0.2-mm-thick heavily doped (1018 cm23)p1 region and a
heavily doped (1019 cm23)n1 region. Figure 1~a! shows that
the current gain of this structure where, following Carra
et al., the current value at 1 V is chosen as the unity g
reference point. The overall agreement between EMC
the measurements4 is reasonable. Notably, EMC simulatio
yields somewhat higher values over the gain region, and
breakdown at 51 V cannot be observed with the simulatio
Nevertheless, given the fact that there is no fitting param
used in our simulation, we find this agreement quite satis
tory.

An important characteristic of the APDs is their tim
response under an optical pulse. For this purpose, an op
pump is turned on at 6.25 ps creating electron-hole pair
random positions consistent with the absorption profile of
electromagnetic radiation with a skin depth value
1025 cm for GaN. The photon flux is assumed to be su
that an electron-hole pair is created in 0.5 fs time interv
The optical pump is kept on for 25 ps to assure that ste
state is attained and afterwards it is turned off at 31.25 p
observe the fall of the current. As we are assuming ap-side
illumination, it is mainly theelectronswhich travel through
the multiplication region, even though in the simulation t
impact ionization of both electrons and holes are includ
The falling edge of the optical pulse response can be fi
with a Gaussian profile exp(2t2/tf

2), see parameters in Tabl
I. As seen in Fig. 2 and Table I, the width of the Gauss
profile increases with the applied bias. Hence, the temp

FIG. 1. ~a! Current gain of the GaN APD; EMC simulation~symbols! com-
pared with measurements~see Ref. 4! ~dotted!. ~b! Current gain of the
Al0.4Ga0.6N APD simulated using EMC with and without alloy scatterin
Full lines in EMC curves are used to guide the eye.

TABLE I. Fitted temporal response functions exp(2t2/tf
2) and

12exp(2t2/tr
2)cos(vrt) for the GaN APD.

Bias ~V! t f ~ps! t r ~ps! v r ~r/ps!

25 1.72 3.06 0.35
30 1.78 2.57 0.38
40 2.04 1.75 0.506
Downloaded 08 May 2013 to 139.179.14.46. This article is copyrighted as indicated in the abstract.
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response of the device degrades in the high gain reg
where substantial amount of secondary carriers exist, as
pected. The rising edge of the pulse shows an underdam
behavior, becoming even more pronounced towards the
region; this canapproximately be fitted by a function
12exp(2t2/tr

2)cos(vrt), with the parameters being listed i
Table I.

Figure 3~a! demonstrates the electric field profile of th
GaN APD. Observe that as the applied bias increases
moderately dopedp1 region becomes vulnerable to the pe
etration of the electric field, hence, preventing further bui
ing up in the multiplication region and increasing the impa
ionization events. In this regard, it needs to be mention
that achieving very highp doping persists as a major tech
nological challenge. Therefore, in our considerations to f
low for the AlGaN APDs, we replace the problematicp1

region with a Schottky contact. So, we analyze
Al0.4Ga0.6N APD of 0.1-mm-thick unintentionally doped
(1016 cm23)n region sandwiched between a Schottky co
tact and a heavily doped (1019 cm23)n1 region. Previously,
in unipolar AlGaN structures we observed the alloy scatt
ing to be substantial,22 whereas the actual significance of th

FIG. 2. Temporal response of the GaN and Al0.4Ga0.6N ~vertically shifted
for clarity! APD to a 25 ps optical pulse, applied between the dashed lin

FIG. 3. ~a! Electric field distribution over~a! GaN ~b! Al0.4Ga0.6N APDs at
several bias levels.
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mechanism has always been controversial.13 For this reason,
we provide in Fig. 1~b! the gain characteristics of thi
Al0.4Ga0.6N APD both with and without alloy scattering. Th
presence of alloy scattering almost doubles the breakd
voltage with respect to the case when there is no alloy s
tering. The time response of the Al0.4Ga0.6N APD is shown in
Fig. 2 in the low gain region~30 V! under the same optica
illuminations discussed in the GaN case, above. The fal
edge of the response can be fitted by an exponen
exp(2t/tf) whereas the rising edge by a Gaussian functi
12exp(2t2/tr

2); see Table II for the parameters.
Figure 3~b! demonstrates the electric field profile of th

Al0.4Ga0.6N structure. It is observed that for all values of th
applied bias, the electric field is confined in the intrins
~multiplication! region which is very desirable for the APD
operation. Finally, we would like to check the standard
sumption made in other theoretical APD treatments assum
the carriers to travel at their saturated drift velocities. It
seen in Fig. 4 that this assumption may be acceptable for

TABLE II. Fitted temporal response functions exp(2t/tf) and
12exp(2t2/tr

2) for Al0.4Ga0.6N APD under a reverse bias of 30 V.

Alloy scattering t f ~ps! t r ~ps!

No 0.75 0.67
Yes 1.06 2.14

FIG. 4. Average velocity distribution over~a! GaN~b! Al0.4Ga0.6N APDs for
electron~solid! and holes~dotted!.
Downloaded 08 May 2013 to 139.179.14.46. This article is copyrighted as indicated in the abstract.
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Schottky Al0.4Ga0.6N APD, whereas it is not appropriate i
the GaN case.

In summary, gain, electric field, and velocity profiles
well as the time response of the GaN and Al0.4Ga0.6N APDs
are computed by the EMC method. Results for t
Al0.4Ga0.6N APDs are provided both with and without th
alloy scattering. In this respect, experimental reports will
invaluable to resolve the actual significance of alloy scat
ing and also to assess the effects of dislocations or o
defects which were unaccounted in our analysis.

The authors would like to thank The Scientific and Tec
nical Research Council of Turkey~TÜBİTAK ! and Bilkent
University for their financial support. The authors gratefu
acknowledge the continuous encouragement of Professo
Tanatar and stimulating discussions with N. Bıyıklı.
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