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Abstract: A rate equation model for static and dynamic behavior of InGaN/GaN light-emitting diode ( LED) has
been developed, and the model has been implemented on a SPICE circuit emulator. The model s parameters have
been achieved by fitting simulated results with reported experimental data. The transient response of InGaN LEDs has
been comparatively investigated by varying the number of quantum wells in their active region. The simulations show
that the rise time of optical outpower increases with the number of wells, and the active region composed of three

quantum wells is the optimized structure.
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1 Introduction

The visible

(LEDs) have received much attention due to their

Il -nitride light-emitting diodes

wide applications in full-color display, liquid crystal
display back-lighting, mobile platforms, and illumi-
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nation''"*.  High-luminescence and high-efficiency
blue/green InGaN LEDs, especially, are of foremost
importance for application in illumination market
such as outdoor display and solid-state lighting. Up
to now, most investigations focus on improving their

static illuminant performance including the light
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extraction efficiency, however, few theoretical and
experimental investigations have been reported on
the dynamic response of InGaN LEDs, except that
Shi and his co-workers have made an experimental
study about the modulation properties of single LED
and three cascade LEDs for the application in plastic
optical fiber communication>®.

In this paper, a set of rate equations, which
describe the dynamics of carriers and photons in In-
GaN LED respectively, are casted in a circuit simu-
lator SPICE by making use of standard circuit ele-
ments. The equivalent circuit model based on the
rate equations is versatile in that it can be used to
simulate the large-signal transient response. The
performance of outpower versus current ( P-I) is
simulated to accord with the reported experimental
P-I data by adjusting the parameters of rate equa-
tions. On the basis of the correct parameters, the
transient response is simulated via the square current
driving the equivalent circuit model. Furthermore,
the rise time of optical output, derived from the tran-
sient response, is discussed by changing the number

of quantum wells.

2 Rate Equations and Circuit Model

A green GaN-based LED with a 518 nm radia-
tive wavelength, denoted as sample B in Ref. [5],
is considered here. The quantum wells in active re-
gion are composed of 13.5 nm GaN barriers and 2.5
nm InGaN wells. Thus the dynamics of carriers and
photons is described in terms of the following two
nonlinear differential equations mentioned below'”’

which form the basis of circuit model :

%:(]Vi—(zﬁln+3n2+()n3), (1)
d: :
q = BBt - (2)

P
where n denotes the electron density (¢cm ™) in the
active region; [ is the injected current; ¢ is the elec-
tronic charge; V,_, is the volume of the active region;
s is the photon density; B is spontaneous emission
factor; 7 is the lifetime of photon; A, B, and C are
the non-radiative coefficient, radiative coefficient,

Auger coefficient, respectively. The detailed expres-

sions of V,, and B are given below'®’ .

ra

= - 3

P 4172n2ffVmA)‘s’ .
Va(:l = NA(:(L\\ + Lb) ’ (4)

where I is the confinement factor, n is the effective
refractivity, Ag and AAg are peak wavelength and
half-peak width, N is the number of quantum well,
A, is the area of the cross section, L, and L, are the
width of well and barrier, respectively.

In order to derive the equivalent-circuit repre-
sentation from the rate equations (1) ~ (2), the
standard circuit elements are brought to transform
the rate equations into the specific type which suits
the formation of circuit model. The non-radiative co-

efficient A is considered to be equal to 1/7 ., where

nr
7, 1s denoted as the non-radiative lifetime of carri-
ers. Therefore the non-radiative recombination cur-

rent [ is equal to ¢V, ,n/7, , and the radiative re-

combination current and Auger recombination cur-
rent are expressed as bl and ¢l respectively, where
b=B/(AqV, ), ¢ = C/(AqV,, ). The carrier
population in the active region is also defined as;

- qV;

n = noexp(nkJT), (5)
where n, is the equilibrium carrier density, V; is the
voltage across the active region, 7 is the correspond-
ing diode ideality factor, typically set equaling to 2,
T is the absolute temperature. The differential term
qV,.dn/dt of rate equation (1) can be denoted as a
product of C; and dV,/dt, with C; expressed as

C; = qzvﬂ"‘noexp(qvj j (6)
nkT kT

where C; is a capacitance representing the charge

storage effect in the active region. However, the
type of equation (2) is not effective to form corre-
sponding circuit model and improvements must be

adopted to satisfy this requirement. The optical out-

put power P, '’ can be represented by a nodal volt-
age, namely :
A, hc?
Vu(V) = Pou(W) = 125 = a5, (7)

s

where 7, is extracted light efficiency, the definition
of A, and A_ is referred to equations (3) ~ (4).
With these modification, the rate equations (1) ~
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(2) are transformed into the following type :

dv.
I:[n+b1§+c1i+(]jd—t’, (8)
V dv
2 _ out out
BbI, = R + C, a0 (9)

s

C. =1/a. The circuit model based

pr “s

where R, = ot

on the equations (8) ~ (9) is formed in Fig. 1.

Ii.q—» Rl» I~> V‘
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Fig. 1

The equivalent circuit model of LED derived from rate

equations

Ii

parasitic elements R, and C,;, where R, is considered

,j is the total injected current of LED with the
to be equal to the differential resistance derived from
the Shi’s measured V-I curve', and C, is a diffu-
sion capacitance, which is added into the circuit
model aiming to generalize the equation (8). C, =
Co(1=V/Vy) “2 where C, is the zero-bias diffu-
sion capacitance, V, is the diode built-in potential.
In our simulations, C, is considered to be constant,

but R, is linearly changed with varied wells.

3  Simulation Results and Discussion

The equivalent circuit model of LED is a large-
signal model, which is compatible with general pur-
pose circuit simulators SPICE, and SPICE allows a
circuit to contain resistors, capacitors, inductors,
current dependent current/voltage sources, etc. The
DC and transient analysis can be done based on the
SPICE simulations. The values of the parameters
used in our simulations are listed in Table 1'%/

Fig. 2 shows the light-current characteristics of
the sample B in Ref. [5]. The squares represent the
Shi’s measured experimental data, and the curve is

derived from the DC SPICE simulation of our circuit

Table 1 Model parameters used in the simulation

Symbol Description Value

A Non-radiative coefficient 7.2%x10° s
B Radiative coefficient 2.3x107" s
c Auger coefficient 1.2x107* s
T, Lifetime of photo 2.5 ps

r Confinement factor 0.02

Mo Effective refractivity 2.45

Ag Peak wavelength 518 nm

AXg Half-peak width 40 nm
T Absolute temperature 300 K

U Extracted light efficiency 0.04

A, Area of cross section 14 000 pm’

G, Zero-bias diffusion capacitance 85 pF

V, Built-in potential 4.2V

model. By adjusting the value of the model parame-
ters A, B, C, and 7, our simulation results are very
coincide with Shi’s measured data. As shown in Fig.2,
the simulated curve dips when the injected current is
greater than 80 mA, which is due to the dominant
Auger radiation with the large current injected

into LED.
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Fig.2  Output optical power vs. the injected current of sam-
ple B. Squares represent the Shi’s measured experi-

mental data.

Fig. 3 shows the pulse response of InGaN LEDs
with 2, 4, and 6 wells in the active region, while a
50 mA-height square current is applicated at the
time ¢ =0 ns. The rise time ¢, is determined as the
time between 10% and 90% points of the light
pulse. The rise time of Shi’s sample B with 6 wells is

calculated to be 7. 8 ns, from the equation ¢, =
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0.35/f 54, where its =3 dB bandwidth is equal to
45 MHz. By adjusting the parameter C,, the rise
time derived from transient simulation of SPICE
model can be consistent with the calculated results

mentioned above.
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Fig.3 Transient response of GaN-based LED with 2, 4, and
6 wells.

Fig. 4 shows the relation between our simulated
results of the rise time and the number of quantum
wells. Two facts can explain why the rise time of
light pulse increases with the number of wells. The
rise time is governed by the injected carrier lifetime

and the stored charge effect'’.

Firstly, the in-
creased volume of the active region will decrease the

injected carrier density, which can affect the injec-

the volume, and then this will increase R, C; con-

stant of LED.
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Fig.4 The simulated rise time vs. number of wells. Asterisk

represents Shi’s measured experimental result.

4 Conclusion

We have investigated the transient response of
InGaN green LED with varied quantum wells on the
basis of SPICE model. We find that the rise time in-
creases with the number of quantum wells, which is
also explained with two facts. Owing to the output
power of LED enhanced with the number of wells,
we propose that the optimized structure will be three
wells in the active region, considering both the lumi-

nous power and the dynamic response.

ted carrier lifetime. Secondly, from the equation

(6), the charge stored capacitance C; increases with

References :

akya J, Knabe K, Kim , et al. Polarization of lll -nitride blue and ultraviolet light-emitting diodes . Appl. Phys.

[ 1] Shakya J, Knabe K, Kim K H l. Pol f 1 de bl d ul let ligh diodes [J]. Appl. Ph
Leit. , 2005, 86(9) :091107-1-3.

[2] LiJ, Lin] Y, Jiang H X. Growth of Ill-nitride photonic structures on large area silicon substrates [ J]. Appl. Phys. Leu. ,
2006, 88(17) :171909-1-3.

an , Cheng , Lin , et al. Optimization of electrode shape for high power GaN-based light-emitting diodes

[3] Fan Y P, Cheng L W, Lin Y M l. O f el de shape for high GaN-based ligh diod
[J]. Optoelectron. Lett. , 2009, 5(5) :0337-0340.

im , Kim , Jung S J, et al. Stable temperature characteristics of InGaN blue light emitting diodes using a

[4] KimK S, KimJ H, Jung S ] l. Stabl h istics of InGaN blue ligh itting diod ing AlGaN/
GaN/InGaN superlattices as electron blocking layer [J]. Appl. Phys. Lett. , 2010, 96(9) :091104-1-3.

[5] Shi J W, Huang H Y, Sheu J K, et al. The improvement in modulation speed of GaN-based green light-emitting diode
(LED) by use of n-type barrier doping for plastic optical fiber (POF) communication [ J]. IEEE Photon. Technol. Lett. ,
2006, 18(15) :1636-1638.

[6] Shi J W, Chen P Y, Chen C C, et al. Linear cascade GaN-based green light-emitting diodes with invariant high-speed
power performance under high-temperature operation [ J]. IEEE Photon. Technol. Lett. , 2008, 20(23) ;:1896-1898.

[7] Ryu HY, Kim H S, Shim J I. Rate equation analysis of efficiency droop in InGaN light-emitting diodes [ J]. Appl. Phys.
Leit. , 2009, 95(8) .081114-1-3.

[ 8 ] Baba T, Hamano T, Koyama F, et al. Spontaneous emission factor of a microcavity DBR surface-emitting laser [ J]. IEEE



1350 S A R 5534 %

J. Quan. Electron. , 1991, 21(6) :1347-1358.

[ 9] Tsang W T. Semiconductor Injected Lasers and Light Emitting Diodes [ M]. Beijing: Press of Tsinghua university, 1991.

[10] Yen S H, Tsai M C, Tsai M L, et al. Effect of n-type AlGaN layer on carrier transportation and efficiency droop of blue In-
GaN light-emitting diodes [ J]. IEEE Photon. Technol. Lett. , 2009, 21(14) :975-977.

[11] Kuo Y K, Tsai M C, Yen S H, et al. Effect of p-type last barrier on efficiency droop of blue InGaN light-emitting diodes
[J]. IEEE Quant. Electron. , 2010, 46(8) :1214-1220.

[12] Suzuki A, Uji T, Inomoto Y, et al. InGaAsP/InP 1.3-pwm wavelength surface-emitting LED’s for high-speed short-haul op-
tical communication systems [ J]. IEEE Transactions on Electron Device, 1985, 32(12) ;2609-2614.

S R e pt Pt Pt S Soa it Pt Pt Pt Pt Pt Pt Pl Sonheg Lot Lot St Pod Bt Pt P Fod o2 cnaa Bt Pt Peg Pt Pt Fo et Pt Pt P Sea het Fol Bl Pt S

WOWTT ] WP+
(ZF BEIEYAT)

(% HEIR)ZTEMBENEFL—RERYFA, F AR RELSHEIMNS SRR E A, H 5 R
A, ENIFLHFFEMP RO R e AL IE FFEAFEE AN TS,

(oZ HEIR)BHPRARBAL, £ PHRAE AR E AT KFIREEK b TR EIMR L FHH H
A FERAR ERALF it THBE KR Z &L TSR ARE X X FHF G @ kAT SR A
REFRFHHAK, AR A 2007 FEANLZBREXHALADFRARLARMAFEALRAAZEE HELLT R Tt
X, (R AEE LAY BRI S KA IR AE

AFIFR 2 . E bR R
o [ My s A (£ B 4% 73])(EI Compendex)
P B AR S AR 8 (RCCSE) (EBFIHH)(CA)
A E AR AE LT (3% B INSPEC) (SA)
T A& AR (BT L& E) (PK)
% — B ATy R FE T (£ B &I A3 L) (CSA)
ER S Eir k]
ENRRIE:
¥ @ A H X 5T R BT P Az R ER BIE(AK)
W A (L EAR) ¥ B 5 R L2 A W IR
T 7 R RGBT AT B A R 4 AR A
EEEL P LT HAR W B b5 Ak SR R
¥ B A5 LR E ¥ @ 5 RHF) L4
o B 4 2 Bk AR o E W 2 LA
P B 41 ) W
M oHb: KART A @ H R 3888 5 ERNHEZKS: 12-166
(R Hhd TA2) %R EsEITRS: 4803BM
BB 4w 130033 E  fr: 50.00 T/ H
B iE: (0431)86176855 w A PEAEFRKEAELS
& E. (0431)84613409 A AL AR AT
E-mail : gxjmgc@ ciomp. ac. cn R OAT: EAAKRAAMIAT
gxjmgc@ vip. sina. com M 5. 22001360300054506148

http.//www. eope. net





