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Abstract : Time2dependent t hermal simulation of ridge2geomet ry In GaN laser diodes is car ried out wit h a two2di2
mensional model . A high temp erature in t he waveguide layer and a la rge temp erature step between t he regions un2
der and outside t he ridge are generated due t o t he p oor t hermal conductivity of t he sapp hire subst rate and t he

large t hreshold cur rent and voltage . The temperature step is t hought t o have a st rong inf luence on t he characte ris2
tics of t he laser diodes . Time2resolved measurements of light2cur rent curves ,spect ra , and t he f ar2f ield p at te rn of

t he In GaN laser diodes under p ulsed operation are perf ormed. The results show t hat t he t hermal lensing eff ect im2
p roves t he conf inement of t he higher order modes and leads t o a lower t hreshold cur rent and a higher slope eff i2
ciency of t he device w hile t he high temperature in t he active layer results in a drastic decrease in t he slop e eff i2
ciency.
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1　Introduction

GaN2based violet laser diodes (LDs) are ideal
light sources for a wide range of applications such
as high density optical storage , laser p rinting , and
spect roscopy. Alt hough several group s have real2
ized room temperat ure ( R T ) continuous wave
( CW ) lasing of In GaN multiple quantum well
( MQ W) LDs[ 1～3 ] ,many f undamental p roperties re2
quire f urt her st udy and evaluation. A ridge
waveguide is f requently used in t he GaN2based la2
ser diodes because of it s apparent advantages in se2
lecting t he lateral modes , cont rolling t he far2field
aspect ratio , and decreasing the lateral current
sp reading and the t hreshold current [4 ,5 ] . However ,
an unstable near2field dist ribution and changes in
lateral mode often occur due to t he built2in
waveguide’s weak characteristic in t he lateral di2
rection ,the poor t hermal conductivity of t he sap2
p hire subst rate , and t he large t hreshold current

caused by a high dislocation density and large po2
larization field in the active layer [6 ,7 ] . For t he p rac2
tical application of t he LDs , device reliability and
stability are indispensable. Improvement in temper2
ature characteristics of In GaN LDs is important for
realizing stable device operation at high tempera2
t ures. Much st udy has been conducted on t he t her2
mal behavior of LDs under continuous wave opera2
tion[8 ,9 ] ,but lit tle on LDs under p ulsed operation ,
which is relevant to t he direct modulation. In t he
work described in t his paper ,we carried out time2
dependant numerical analysis of t he temperat ure
dist ribution in t he ridge st ruct ure of In GaN MQW
LDs ,and demonst rated t hat temperat ure dist ribu2
tion has a st rong influence on t he characteristics of
t he LDs. The experimental result s coincide well
with the t heoretical conclusion.

2 　Device structure and thermal con2
ductivity model

　　The laser wafer with a (0001) sapp hire sub2
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st rate was grown in a closed2space showerhead
metalorganic chemical vapor deposition (MOCVD)

reactor . The LDs consisted of a 2μm GaN ∶Si , a
019μm cladding layer of Al0. 2 Ga0. 8 N/ GaN ∶Si su2
perlat tices (SL s) ,a 011μm waveguide layer of GaN
∶Si ,an In0. 15 Ga0. 85 N/ GaN MQW st ructure consis2

ting of five pairs of 3nm undoped In0. 15 Ga0. 85 N well
layers separated by 5nm undoped GaN barrier lay2
ers , a 20nm Al0. 2 Ga0. 8 N ∶Mg elect ron blocking
layer ,a 011μm upper waveguide layer of GaN ∶
Mg ,a 016μm upper cladding layer of Al0. 2 Ga0. 8 N/
GaN ∶Mg SL s , and a 012μm GaN ∶Mg layer . A
ridge st ruct ure was formed with reactive ion etch2
ing ( RIE) . The area of t he ridge geomet ry LD was
8μm×800μm. The facet s of t he laser cavity were
formed by cleaving along t he (1120) cleavage plane
of t he GaN epitaxial layer . A Ni/ Au contact was e2
vaporated onto t he p2type GaN layer ,and a Ti/ Al
contact was evaporated onto t he n2type GaN layer .
The laser st ruct ure used in simulation is shown in
Fig. 1. It is simplified in t he active layer wit h a sin2
gle In GaN layer instead of the In GaN/ GaN MQ W ,
and in t he cladding layers wit h an Al GaN layer in2
stead of Al0. 2 Ga0. 8 N/ GaN SL s. The In concent ra2
tion in t he In GaN layer and Al concent ration in the
Al GaN layer are obtained according to Vegard’s
law under t he completely elastic approximation.
The t hick gold and SiO2 layers on t he p2side are
taken into account due to t heir non2negligible heat
absorption in the LDs under p ulsed operation.

Fig. 1 　Diagram of the ridge geometry In GaN MQW

LD

The equation governing t he temperature dis2
t ribution t hroughout t he LD chip is

Cpρ5 T
5 t

= k ¨2 T + Qvol (1)

where Cp is t he specific heat ,ρis t he density , k is

t he thermal conductivity , T is t he temperat ure , t is
t he time ,and Qvol is t he volumet ric rate of internal
heat generation. The heat is generated mainly in
t hree layers : a p2type contact layer , a p2type clad2
ding layer ,and an active layer . The heat power gen2
erated in each layer is determined by t he current
and voltage ,which are obtained f rom t he measured
I2V curve and t he specific contact resistance to p2
GaN. The series resistance at a large current and
t he contact resistance for the measured LD are 22
and 717Ω ,respectively. Thus the heat power gener2
ated in t he p2Al GaN and p2GaN contact layers is
1413 I2 and 717 I2 , respectively. The heat power
generated in t he active layer is 211 I on t he assump2
tion of a 3eV band gap and a 30 % external quan2
t um efficiency when t he LD lases.

A two2dimensional model is applied in t he
simulation. Simulation data is obtained f rom t he lit2
erat ure ,which is shown in Table 1 [10 ] . In GaN and
Al GaN data are found by linear interpolation.

Table 1　Parameters of different materials used in sim2
ulation

Material GaN AlN InN Sapphire

Specific heat capacity

/ (J ·kg - 1 ·K - 1)
490 600 320 765

Thermal conductivity

/ ( W·m - 1 ·K - 1)
130 285 45 41. 9

For boundary conditions , we assume constant
temperat ure at the bot tom of t he heat sink (293 K)

and adiabatic conditions at t he other surfaces. The
initial temperat ure at each layer is also assumed to
be 293 K. The simulation is carried out in FEML AB
sof tware.

3　Simulation results and discussion

　　The temperat ure dist ribution in the lateral di2
rection of t he active layer at 100ns under a current
p ulse is shown in Fig. 2. There is a temperat ure
gradient in t he lateral direction , especially at t he
edge of ridge. The temperat ure step between t he
center point and a point 5μm away f rom center in
t he lateral direction is about 10 K. The temperat ure
variation with time at t he center point of t he ridge
and a point near t he edge is shown in Fig. 3. The
temperat ure at each position increases rapidly
within several hundred nanoseconds at fir st and
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t hen increases linearly with time. The temperat ure
step between t he center point and a point near the
edge under the ridge is shown in Fig. 4. It is obvi2
ous t hat t he temperat ure step increases rapidly
with time at t he out set of t he p ulse and t hen re2
mains basically constant though t he temperature at
each position increases continuously wit h time.

Fig. 2　Temperature dist ribution in the lateral direction

under ridge at 100ns with a 400mA injection current

under 20V　The two edge coordinates are 4 and 12μm ,

respectively.

Fig. 3 　Temperature at different times during a 2μs
cur rent p ulse wit h a 400mA injection cur rent under

20V

The distinguishing characteristic of the tem2
perat ure dist ribution in t he ridge st ruct ure LDs un2
der p ulsed operation is t he occurrence of large tem2
perat ure step s between regions under and out side
t he ridge. The temperat ure step may change the
confinement of the guiding mode because t he re2
f ractive index changes wit h t he temperat ure. A
temperat ure increase underneat h t he ridge leads to
an increase of ref ractive index. The d n/ d T for GaN

Fig. 4　Temperature step between the center and edge

of the ridge in the active layer

is about 113×10 - 4 K- 1[11 ,12 ] . When t he temperat ure
step exceeds 10 K ,the ref ractive index stepΔn is a2
bout 113×10 - 3 ,t he same order as t he effective in2
dex step (about 317×10 - 3 ) .

A simple model can be used to compare t he
st rengt h of the t hermal lens wit h ot her wave guid2
ing effect s in the ridge waveguide LD. Besides t he
t hermal lens ,t he lateral change of the effective re2
f ractive index due to t he ridge st ruct ure and t he
carrier induced index change caused by t he current
confinement determine t he waveguide p roperties. A
simple equation describing the ref ractive index step
between regions under and out side t he ridge can be
expressed as[13 ]

Δn =Δneff +
5 n
5 T
ΔT +

5 n
5 N
ΔN (2)

whereΔneff is t he effective ref ractive index step ,
ΔN is t he difference in carrier concent ration , and
ΔT is t he temperature step between regions under
and out side ridge.Δneff is 3170×10 - 3 is obtained by
waveguide calculation , and t he t hird term on t he
right2hand side is about - 110 ×10 - 3 at a current
of 400mA [14 ] . If t here is no t hermal lens , t he con2
finement factors of t he ridge waveguide wit h a
widt h of 8μm for the f undamental ,fir st order ,and
second order TE modes are 01995 , 01980 , and
01951 , respectively. When t he temperat ure step
reaches 8 K ,t he anti2guiding effect is exactly com2
pensated by t he t hermal lensing effect , and t he
t hree confinement factors are 01996 , 01987 , and
01969 , respectively. When t he temperat ure step
reaches 16 K , the t hree confinement factors are
01997 , 01991 , and 01978 , respectively. Therefore ,
t he anti2guiding and t hermal lensing effect s have
only a slight influence on t he f undamental mode
confinement , but can clearly improve t he confine2
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ment of t he higher order modes and give rise to a
decrease in the t hreshold current of these modes.

4　Experiment and results

The time2resolved light2current ( L2I ) curves
of t he LDs are measured at room temperat ure wit h
a Tekt ronix type 109 p ulse generator which can
provide a current of nearly uniform intensity wit hin
a p ulse. The p ulse widt h and repetition are 110ns
and 300 Hz , respectively. After each p ulse , t he LD
has enough time to cool down again due to the very
low duty cycle. The outp ut light of t he LD is detec2
ted by a fast p hotomultiplier t ube wit h a neut ral
density filter before t he window. Consequently ,for
a particular current ,t he light intensity dist ribution
versus time can be observed on an oscillo scope con2
nected to t he p hotomultiplier t ube. Scanning the
current over a particular range yields a t hree2di2
mensional grap h wit h current and time on t he x

and y axes , respectively ,and light intensity on the
z axis. From the t hree2dimensional grap h t he L2I

curves at different times during a p ulse can be ob2
tained. The measurement of the time2resolved far2
field dist ribution and spect ra can be performed in a
similar way.

Figure 5 shows t he light outp ut power (LO P)

waveforms of t he measured LD at different injec2
tion current s. It is evident t hat the LOP is not uni2
form wit hin a current p ulse and that t he LOP
waveform depends on t he current magnit ude. When
t he current is relatively small (about 360mA) ,the
LOP merely increases slowly wit h time. When the
current is 370mA , t he LO P increases slowly wit h
time at first and t hen increases rapidly by a factor
of 2 over about 20ns. When t he current is larger
t han 390mA ,t he LD lases several nanoseconds af2
ter t he current is t urned on ,and t he LOP increases
slowly with time at first and t hen experiences rapid
increase by a factor of 3 over about 10ns. After this
rapid increase ,t he LOP remains steady for a while
and t hen decreases gradually until t he end of the
p ulse.

There are several possible p hysical mecha2
nisms that may account for t his behavior of the
LD. First of all , lasing delay can be easily ruled
out . From Fig. 5 , when t he current is larger t han
410mA ,t he LD lases immediately but still experi2
ences a rapid increase in the LOP. Therefore , t he

Fig. 5　Light output power waveforms of the LD at dif2
ferent current s　The inset shows a current waveform.

rapid increase in t he LOP is not caused by lasing
delay. Lasing delay can also be ruled out by t he u2
niform LOP in a p ulse at current s above t he
t hreshold of the LDs ,which are fabricated on t he
same wafer but wit h a greater etching dept h for
ridge formation. We t hink t he main reason may be
a heating effect . Because of t he poor t hermal con2
ductivity of t he sapp hire subst rate and the high
t hreshold current and voltage , t he temperat ure of
t he active layer beneat h t he ridge increases drasti2
cally af ter t he current p ulse is turned on. As dis2
cussed above ,the increasing temperat ure result s in
t he t hermal lensing effect and influences t he LD
characteristics. The time2resolved spect ra and far2
field pat terns p resented later also exclude lasing
delay as a possible explanation. Lasing delay only
influences t he behavior in t he initial few nanose2
conds of t he current p ulse , as can be observed in
Fig. 5.

The t hermal lensing effect can be observed di2
rectly f rom the time2dependent far2field dist ribu2
tion of t he LD measured at 380mA , as shown in
Fig. 6. At t he out set ,t he confinement to higher or2
der modes is weaker t han that for t he f undamental
mode ,so only t he f undamental mode lases. Howev2
er ,t he temperat ure step increases ,and t he confine2
ment of t he higher order modes becomes st ronger
toward t he end of t he p ulse. Therefore , t he higher
order modes begin to lase. The asymmet ric far2field
dist ribution may result f rom t he asymmet ric cur2
rent dist ribution under the ridge due to t he n2elec2
t rode fabricated on t he same side of t he epitaxial
layer wit h t he p2elect rode.

Figure 7 shows the spectra of the LD at different
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Fig. 6　Far2field pattern versus time in a current pulse

of 380mA　The angular resolution is 1°.

times in a p ulse ,where the current is also fixed at
380mA. At 16ns , t he f ull widt h at half maximum
( FW HM ) of t he spect rum is 014nm , and the
FW HM of spect rum at other times is 013nm. The
FW HM of t he spect rum of t he LD at a current of
250mA is 912nm. Therefore , t he LD already lases
at a current of 380mA before the LOP increases
rapidly at about 60ns. Thus t he threshold charac2
teristic of the LD under p ulsed condition is compli2
cated and requires caref ul investigation.

Fig. 7　Spect ra of the LD at different times in a pulse

at a current of 380mA and the spect rum (the solid line ,

multiplied by 10) at a current of 250mA 　The inset

shows the spect ra at a current of 380mA only.

Figure 8 shows t he L2I curves of the LD at
several different times wit hin a p ulse. Two t hresh2
old current s can be obtained f rom each L2I curve.
The first one is about 360mA without evident
change to each curve. It is suggested t hat this
t hreshold current may be related to t he f undamen2
tal mode because of t he slight influence of the t her2
mal lensing effect on this mode. The second t hresh2
old current is different for every curve ,t he later the
time is , t he lower t hreshold current t he LD has.

The second t hreshold current may be related to
higher order modes , especially t he first order
mode. The difference in the second t hreshold cur2
rent at different times in a p ulse is at t ributed to
t hermal lensing effect . At t he out set of a current
p ulse ,t here is no t hermal lensing effect . The injec2
ted carriers lead to t he anti2guide effect ,and t here2
fore a weaker mode confinement ,but t he tempera2
t ure step increases gradually with time ,leading to a
st ronger mode confinement . Accordingly ,t he mode
is confined more tightly , and the absorption and
scat tering losses at t he edge of t he ridge decrease
with time. The larger confinement factor and t he
smaller lo ss coefficient result in a lower t hreshold
current at t he end of t he p ulse.

Fig. 8　L2I curves of the LD at different times during

the current pulse　The inset is a magnification of part

of the figure.

From Fig. 8 ,when only t he f undamental mode
lases ,t he slope efficiency is much lower t han t hat
when t he higher order modes also lase. This is
mainly at t ributed to t he poor match of t he f unda2
mental mode wit h the carrier dist ribution in t he
lateral direction in t he active layer . The light inten2
sity dist ribution of the f undamental mode in t he
guiding layer is given by I = I0 cos2 ( k x) ,where I0 is
t he light intensity at t he center of the ridge , x is
t he distance f rom t he center ,and k is t he p ropaga2
tion constant of t his mode. When t he lateral con2
finement factor of t he f undamental mode is almost
equal to 1 ,the light intensity of t his mode is close
to 0 at t he edge. Therefore t he carrier injected in
t he areas near t he two edges is far f rom sufficient
to stimulate emission and result s in a low slope ef2
ficiency , while t he asymmet ric carrier dist ribution
in t he lateral direction under t he ridge may aggra2
vate t he sit uation. When a higher order mode lases ,
it s light intensity dist ribution in t he lateral direc2

305



半　导　体　学　报 第 27卷

tion under the ridge can compensate t he f undamen2
tal mode and obtain a much higher slope efficiency.
The decreasing internal lo ss caused by the mode
tightening as t he t hermal lens becomes st ronger to2
wards the end of t he p ulse may also give rise to the
increase of t he slope efficiency. The elevated tem2
perat ure in t he active layer result s in a decrease of
internal quantum efficiency ,which causes t he LOP
to decrease gradually and t he slope efficiency to de2
crease drastically when the current is relatively
large.

5　Conclusion

Time2dependent t hermal simulation for ridge
geomet ry In GaN MQW LDs was carried out with a
two2dimensional model . A high temperat ure in the
waveguide layer and large temperat ure step be2
tween regions under and out side ridge are genera2
ted due to t he poor t hermal conductivity of t he sap2
p hire subst rate and t he large t hreshold current and
voltage. The temperat ure step increases rapidly
with time during t he initial several hundred nano2
seconds and t hen remains constant . The tempera2
t ure step is thought to have a st rong influence on
t he dynamic characteristics of the LDs. Time2re2
solved measurement s of L2I curves , far2field pat2
tern ,and spect ra of t he In GaN LDs under p ulsed
operation were performed. Result s show t hat the
temperat ure step leads to better confinement of
high order modes and a lower t hreshold current
and a higher slope efficiency of t he device while a
high temperat ure in t he active layer result s in a
drastic decrease in slope efficiency.
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脊形 In Ga N激光器的温度分布及其对器件特性的影响 3

李德尧1 ,­　黄永箴1 　张书明1 　种　明2 　叶晓军2 　朱建军1
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摘要 : 利用含时二维热传导模型分析了蓝宝石衬底上生长、制作的脊形 In GaN激光器内波导层的温度分布和时间
演化规律.由于较大的阈值电流和电压以及较差的衬底导热性能 ,脊形下波导层内会产生较高温升并在脊形内外
形成较大的温度台阶 .由于脊形波导的弱自建波导特性 ,这一温度台阶会对侧向模式的限制产生较大的影响.短脉
冲工作下的时间分辨 L2I 测试以及时间分辨远场和光谱测试结果显示 ,脊形内外的温度台阶会改善波导对高阶模
的限制 ,导致器件的阈值电流下降 ,斜率效率升高.而有源区的温升又会导致斜率效率的严重下降.
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