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Multiplication and temporal response characteristics pdf-n-n* GaN and n-type Schottky

Aly Ga ¢N avalanche photodiodg#®\PD) 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

To obtain ultraviolet photodiodes having internal gain cent experiment of Kunihiret all? As for the case of AIN,
due to avalanche multiplication is a major objective with adue to lack of any published results, we had to resort to a
potential to replace photomultiplier tube based systems foKeldysh approach, while Bloch overlaps were taken into ac-
low-background application'sThe Al,Ga, _,N material with  count via thef-sum rule!? for details, see Ref. 14. Further-
x=0.38 becomes a natural candidate for the solar-blind avamore, the polar optical phonon and ionized impurity poten-
lanche photodiod¢APD) applications which can also meet tials are screened by using random phase approximation
high-temperature and high-power requirements. Unfortupased dielectric functiof?
nately, due to growth related problems, such as high defect The band structures for GaN and AIN are obtained using
and dislocation densities causing premature microplasmgye empirical pseudopotential technique fitted to available
breakdown, there has been as yet no experimental demogyperimental results and first principles computatiii.
stration of an APD with the AlGa, N material. As a matter oy the alloy, AlGa,_ N, we resort to linear interpolation
of fact, even for the rela.tively mature GaN-bfised technology(\/egardaS Law between the pseudopotential form factors of
few reports of observation of avalanche gain e%ﬁt- the constituent binaries. The necessary band edge energy,

While the material quality is being gradually improved, etective mass, and nonparabolicity parameters of all valleys
our aim in this letter is to meet the immediate demand Gy, yhe |owest two conduction bands and valence bands lo-

ex?l?_re trlle prospet(_:ts Gé\f‘vl.fa’\tlhb alsetil dAPDZ from a C(I)T- cated at high symmetry points are extracted through the com-
putational perspective. Within the fast decade, severa eCga'uted bands of GaN and A& _,N. To account for the
nigues have been reported which model gain and time r

; . remaining excited conduction and valence bands, we further
sponse of APDS. Most, however, approximate the carriers &Sppend additional higher-lying parabolic free electron and
always being at their saturated drift velocity and impact ion- P 9 ying p

ization rates are usually assumed to depend only on the Iochple bands. At this point it is important to stress that we use

electric field; for references, see Ref. 6. While nonlocal ef-?he actual density of states computed using the Lehmann—

8 .
fects have recently been incorporafeitie dubious assump- Taut approacﬂ, r:_zlther_than the yalley-based nqnparabollc
tion on carrier drift velocity remains. Among all possible band approximation, in calculating the scattering rafes.

; ; _ This assures perfect agreement with rigorous full-band EMC
techniques, the ensemble Monte CafiMC) method is po simulation€® even for the hole drift velocities at a field of 1
tentially the most powerful as it provides a full description of e :
the particle dynamics. However, only a small number of suchMVicm. To decrease the statistical noise on the current, we
simulations have been reported, predominantly on GaA&mMploy more than 60 000 superparticles within the ensemble,
based APDE:? and use the higher-order triangular-shaped-cloud representa-

For the high field transport phenomena, the EMC techlion of the superparticle charge .densiﬁésThe Poisson
nique is currently the most reliable choice, free from majorsolver is invoked in 0.25 fs time intervals not to cause an
simplifications®® All standard scattering mechanisms are in-artificial plasma oscillation. All computations are done for a
cluded in our EMC treatment other than dislocation, neutratemperature of 300 K. To avoid prolonged transients follow-
impurity and the piezoacoustic scatterings as they only being the sudden application of a high field, the reverse dc bias
come significant at low temperatures and fifd$mpact is gradually applied across the APD over a linear ramp
ionization parameters for bulk GaN are extracted from a rewithin the first 1.25 ps.

Even though, our principal aim is to characterize solar-
dElectronic mail: sevik@fen.bilkent.edu.tr blind APDs attainable with the band gap ofpAGa eN, we
YElectronic mail: bulutay@fen.bilkent.edu.tr first test the performance of our methodology on GaN-based

0003-6951/2003/83(7)/1382/3/$20.00 1382 © 2003 American Institute of Physics



Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 C. Sevik and C. Bulutay 1383

54 ; 10 4.5+

[ 4 ! , w/o alloy
i» { wio Alloy / ) | scattering
. Py 1
4 .f ad scattering :
4 2 ;
’ (4 c
h 2
34 j 64 J * by
H [
s eme [/ e / £
o ) 3 P <
d 2z
2] 7 / £
~ Measured ] .’ g
e i o
1 -0 2] j o
o’.’. :
E —o—
GaN Al Ga, N
0 T L] L] T T o T v T v T T T 1
0 10 20 30 40 50 20 40 60 80 X
@ Voltage (V) (b) Voltage (V) 5 10 15 20 25 30 35

Time (ps)
FIG. 1. (a) Current gain of the GaN APD; EMC simulatigeymbolg com-
pared with measurementsee Ref. 4 (dotted. (b) Current gain of the  FIG. 2. Temporal response of the GaN ang Ma, N (vertically shifted
Alg Gay N APD simulated using EMC with and without alloy scattering. for clarity) APD to a 25 ps optical pulse, applied between the dashed lines.
Full lines in EMC curves are used to guide the eye.

- . . response of the device degrades in the high gain region
visible-blind APDs wh%re a few experimental results havenere g pstantial amount of secondary carriers exist, as ex-
recently been reported: Amor)lg the_se, we choosfe the ;truc- pected. The rising edge of the pulse shows an underdamped
ture reported by Carrane{t3a|. haylng O'lﬂm'th'Ck UNiN- " hehavior, becoming even more pronounced towards the gain
tentlonally doped (.1@ cm “)n region ian?wmhgd between region; this canapproximately be fitted by a function
0.2-um-thick heavily doped (1]6 cm *)p" region and a 1—exp(—t3/7)cos,t), with the parameters being listed in
heavily doped (18 cm~3)n* region. Figure (a) shows that Table | '
the current gain of this structure where, following Carrano Figijre 3a) demonstrates the electric field profile of the
et al, the current value at 1 V is chosen as the unity gai aN APD. Observe that as the applied bias increases the
reference point. T_he overall agreement between_ EMQ argEoderately dopeg* region becomes vulnerable to the pen-
the measuremeﬁ‘ts_s reasonable. Notably, E.MC rs_lmulauon etration of the electric field, hence, preventing further build-
yields somewhat higher values over the gain region, anq thﬁlg up in the multiplication region and increasing the impact
breakdown at 5:.L V cannot be observeq with t_h? SImulat'on%nization events. In this regard, it needs to be mentioned
Nevertheless, given the fact that there is no fitting parameteg. ., achieving very higip doping persists as a major tech-
used in our simulation, we find this agreement quite SatiSf""Cﬁological challenge. Therefore, in our considerations to fol-
tory. . . ) . low for the AlGaN APDs, we replace the problemapc

An important characteristic of the APDs is their time gion with a Schottky contact. So, we analyze an
response under an optical pulse. For this purpose, an OptiC§?|04Gao N APD of 0.1um-thick uninténtionally doped
pump is turned on at 6.25 ps creating electron-hole pairs a(tlo'le crh*3)n region sandwiched between a Schottky con-
random positiqns coqsigtent with the abgorption profile of thqact and a heavily doped (¥bcm 3)n* region. Previously,
electromagnetic radiation with a skin depth value of;, unipolar AlGaN structures we observed the alloy scatter-

107> cm for GaN. The phpton flux IS assumeq to _be suc ng to be substanti&f whereas the actual significance of this
that an electron-hole pair is created in 0.5 fs time intervals.

The optical pump is kept on for 25 ps to assure that steady

. . _ GaN Al Ga N
state is attained and afterwards it is turned off at 31.25 pstc  2s- . a4 7+ peoe
observe the fall of the current. As we are assumingside | L L 1 ’
illumination, it is mainly theelectronswhich travel through e 61
the multiplication region, even though in the simulation the ¢ 2°7 iy £
impact ionization of both electrons and holes are included.2 § * sov
The falling edge of the optical pulse response can be fitteof; 154 20V = ; P
with a Gaussian profile exp(tzlrfz), see parameters in Table 2 & !
I. As seen in Fig. 2 and Table I, the width of the Gaussian% ,fsj 3. eV
profile increases with the applied bias. Hence, the tempora2 101 oV - 30V
24
TABLE |. Fitted temporal response functions exﬂflﬁ) and 0.5 oV
1—exp(—t¥72)cos,t) for the GaN APD. 14
Bias (V) 7 (p9) 7 (p9) w; (r/ps) 0.0 IR 0 ; .
0.0 0.2 0.4 0.0 0.1 0.2
25 1.72 3.06 0.35 (a) Distance (um) (b) Distance (pm)
30 1.78 2.57 0.38
40 2.04 1.75 0.506 FIG. 3. (a) Electric field distribution ovefta) GaN (b) Al Ga ¢N APDs at

several bias levels.
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TABLE Il Fitted temporal response functions ex(r) and  Schottky Al Ga ¢N APD, whereas it is not appropriate in
1—exp(—t?/7?) for Al ,Ga, N APD under a reverse bias of 30 V. the GaN case

In summary, gain, electric field, and velocity profiles as

Alloy scattering 7 (p9 7. (p9 .
well as the time response of the GaN and Ma, ]N APDs
YNeOS 2‘256 %i are computed by the EMC method. Results for the

Al Ga N APDs are provided both with and without the
alloy scattering. In this respect, experimental reports will be
invaluable to resolve the actual significance of alloy scatter-
mechanism has always been controverSidlor this reason, ing and also to assess the effects of dislocations or other
we provide in Fig. 1b) the gain characteristics of this defects which were unaccounted in our analysis.

Al 4Gay N APD both with and without alloy scattering. The
presence of alloy scattering almost doubles the breakdown,
voltage with respect to the case when there is no alloy sca{'—;
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