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Current spread and overheating of high power laser bars
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The heating of a semiconductor laser bar imbedded between two heat spreaders has been studied
theoretically and experimentally. The model includedpheadding layer, active regiom-cladding

layer, andn-substrate. Heat sources from the active region and both cladding layers were
considered. An analytical relation was obtained between the temperature distribution in the laser and
the bar geometry. The analytical approach revealed features that are usually missing in purely
numerical modeling. It was shown that the current density across the active region is nonuniform,
and that the magnitude of the nonuniformity grows when the resistance qi-tedding layer
decreases. This nonuniform current distribution can lead to higher temperatures at the edges of the
laser stripe than in the middle. It was found that mutual heating of the individual lasers in the bar
is controlled mainly by the overlap of the temperature fields in the heat spreaders. The theoretical
results obtained without any fitting parameters show good agreement with the experimentally
measured dependence of the active region temperature on pumping curr@@D40American
Institute of Physics.[DOI: 10.1063/1.1655687

I. INTRODUCTION the contact stripe and falls off as the square of the distance
away from the contadf™'’ An exact analytical solution to
High-power infrared diode laser arrays are effectivethe Laplace equation that controls the current spread when
sources for pumping solid-state las&rdThese laser arrays carrier diffusion can be neglected was obtained by Lengyel
are composed of one or more laser bars; each laser bar cogt al!® They studied a narrow stripe geometry in which the
sists of numerous individual laser emitters formed on awidth of the stripe is of the order of its distance from the
single piece of semiconductor. There are a number of factorsctive region. Similar models have been considered by
that limit the output power and reliability of diode lasers, for wilt,1° Joyce?® and Agrawaf! A comprehensive comparison
example, catastrophic optical damage and overheating. F@f these models has been made by Papannaredal? The
the 1.5um InGaAsP/InP lasers used in this experiment, thegeometry considered by Lengyet al® corresponds to the
output power and reliability are limited mainly by overheat- sjituation encountered in ridge lasers. For high-power lasers,
ing. A deep understanding of all overheating mechanisms cathe width of the stripe is much larger than the cladding thick-
facilitate further progress with these lasers. ness, and the substrate thickness is comparable to the stripe
The purpose of the present article is to study the temwidth. In the present article, it is shown that this geometry
perature risgoverheating in the laser structure induced by leads to a high current density near the edges of the active
power dissipation in the active regiop; and n-cladding  region.
layers, and the substrate. The analysis was developed for We have considered a structure typical of broad-area la-
single-emitter lasers, but much of it is directly applicable tosers. We found an analytical expression for the current den-
multi-emitter broad-area laser bars. sity in the lateral direction. From the current density, we
Previous theoretical work considered the temperaturgletermined the resulting heat sources, and we then analyti-
distribution along the laser cavify, the temperature distri- cally solved the heat conduction equation for the whole sys-
bution in the direction perpendicular to the layers of thetem, taking into account the thermal resistance of the layers
structure>” and the facet heatidg® (see also the review by separating the laser structure from the heat sinks. Experimen-
Erbertet al®). The first studies of the temperature profile in tal results obtained using a high-power Iutn InP-based
the lateral directiot'™* were based on the assumption of laser array demonstrated good agreement between the theo-
uniform heat sources. In this article, we consider a morgetical results and the measured laser temperature.
realistic and complicated model, including nonuniform lat- The structure of the article is as follows. In Sec. I, we
eral current distribution. describe the model and present a picture of relevant phenom-
In previous publications, the current density was someena and qualitative results. Sections Il and IV contain the
times calculated under the assumption that it was constant gtain points of the calculations of the current spread and
temperature distributions, respectively. In Sec. V, we present
Ipermanent address: Racah Institute of Physics, Hebrew University, Jerusi)€ results of the calculations and compare them with experi-
lem, 91904, Israel; electronic mail: borisl@atrg.com ment, followed by the conclusion.
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Ideal heat sink remains constant while the voltage acrosspghandn-layers
increases with current. Our problem is to calculate the tem-
Buffer layer perature distribution in the structure and specifically in the
Cn active region as a function of the total current, given the
geometry of the structure, all necessary physical parameters,
Y Uy, the threshold current, and the differential efficiency.
A Throughout the article we use analytical approaches,
leaving numerical calculation for the last stagealuation of
n integralg. The advantage of analytical calculation as com-
pared to numerical calculation is that the result contains sym-
bolic parameters, such as b, o, o,, etc. A reader who
wants to calculate the temperature distribution in another
structure needs only to substitute the parameters of the struc-

................... A ture in the final expressions. Using a numerical approach, the
—_  ——— > calculation for a new structure requires the repetition of the
Buffer layer calculation with the help of a program that may not be ac-
cessible to the reader. In addition, an analytical result allows
, one to understand the qualitative dependence of device char-
Ideal heat sink

acteristics on the parameters without performing time-
FIG. 1. The structure of the laser. Thelayer consists of a thin-cladding ~ consuming calculations. A disadvantage of the analytical ap-
andn-substrateC, andC,, arep- andn-contacts, A is the active region. proach is that analytical solutions can be obtained only for
rather simple models, for example, we assumed that the con-
ductivity o, does not change across the wholkyer, which

II. MODEL is equivalent to a uniform doping. Fortunately, relations be-

The temperature field in an array of lasers is the sum ofween typical geometrical parameters are such that many of
the fields produced by each laser emitter separately. For thi§e complications of real laser heterostructures lead to small
reason, we start the analysis using a theoretical model th&ffects that are beyond the accuracy of experiments and can
contains only one laser emittéFig. 1). The lasing hetero- be neglected for the first approximation. Taking this into con-
structure consists of @-contact stripeC,, a p-cladding  sideration, we use small parameters to obtain analytical so-
layer, an active region A, an-cladding layer, the substrate, lutions to both the electric and the thermal problems.
and ann-contactC,,. We consider a cooler design in which The first use of a small parameter comes from very high
the heat is removed from both tipe andn-sides. Typically, doping of both thep- andn-layers, which leads to a screen-
a water-cooled microchannel heat sink is used for highing length smaller than all characteristic lengttesg., the
power laser arrays. We assume that such a heat sink is ide#lickness of thep-cladding. This strong screening greatly
and it is connected to the laser structure via two buffer layerseduces the concentration gradients in both fie and
with finite thermal resistance. n-regions that would create an electric field. This leads to

The length of the laser cavity is generally much largerreduction of the diffusion current, and with very good accu-
than the stripe width and the thickness of the whole structureacy, the diffusion current can be neglected compared to the
This allows us to neglect the effect of facets while studyingdrift current. As a result, the current distribution is controlled
the temperature distribution far from the ends of the cavityby the Laplace equation for the electric potential. We ob-
Thus, we reduced a three-dimensional problem for electritained an analytical solution to this equation in the region
potential and temperature field to a two-dimensional one thaihcluding thep-cladding, then-cladding, and the substrate. It
facilitated analytical solution. The laser structure that weis well known that the electric field is singular near sharp
used in the calculation was typical in that tpecladding edges of a conductor. As a result, the current density near the
thicknessh; was small compared to the width of the strgpe edges of the contact stripe is significantly larger than at the
and the total thickness af-cladding and substraté,—b; . middle. The effects of this singularity also appeared in our
Here, b is the distance between thee and n-contacts. We  solution, leading to a higher current density near the edges of
considereda andb of the same order. The thickness of the the active region, as seen in Figs. 2 and 3. The effect is
active region, which includes the quantum wel@Ws) and  weakened because the higher current near the edges leads to
a relatively lightly doped waveguide, is a few hundred A, a higher potential drop between the stripe and the active
which is significantly smaller thab,. For this reason, we region edges, which smears the singularity. The lateral cur-
neglected the active region thickness and considered this reent spread takes place mainly in tinelayer because its
gion as an interface between tpe and n-regions. We also thickness is comparable with the width of the stripe. The
assumed a uniform doping of thpe andn-regions and char- lateral current spread in thecladding is negligible because
acterized them by electrical conductivities, and o,, re-  of its very small thickness compared to the width of the
spectively, and the same thermal conductivity stripe.

We considered laser operation above threshold and with  To simplify the solution of the thermal problem, we con-
only moderate overheating. Under these conditions, we casidered the buffer layer as a thermal resistance of the bound-
assume that the voltage drop across the active redily) ( ary between the laser structure and the ideal heat sink. In
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2.5

T higher temperature than its middle, while, when the resis-
tance ofp-cladding is large, the temperature in the middle is
higher.

The lateral heat spread is determined by the geometrical
parameters of the structure and the ratio of the thermal resis-
tances of the buffer layer and the structure. We consider the
regime of moderate current when most of the dissipated
power comes from the active region. Because the active re-
gion is much closer to the-contact than to the-contact,
the active region is cooled mainly from theside. If the
thermal resistance of the buffer layers were zero, the heat
would spread laterally away from the active region at a dis-
tance on the order db;. A finite thermal resistance of the
buffer layer makes this distance larger. The heat generated in
the relatively thickn-layer spreads over a significantly wider
region. This is of little practical concern because the amount
FIG. 2. The dimensionless current dendity units of I/Lb, wherel is the of heat generated in-layer is relatively small.
total currentL is the _cavity length, gnb is the thickness of thg structl)r‘e In our model, the magnitude of the laser overheating
as a function ok/b giveny. The ratio of thep- andn-layer resistances is .
b,o,/ba,=4. The numbers on the curves are dimensionless distances frorqepends strongly on the thermal resistance of th_e thermal
the active regiony/b. The edges of the active region as shown by the buffers that separate the laser structure from the ideal heat
dashed lines correspond b= =0.357. Singularities of the current near Sink. When this thermal resistance is zero, the overheating is
the edges of the stripe are very pronounced at sydalland disappear with  yery small.
the growth ofy. The lateral spread of the current does not grow much even In the next two sections, this qualitative description is
at largey/b, close to then-contact. S .

supported by quantitative calculation that allow us to present
a complete picture of the temperature distribution inside the
reality, a significant part of the heat spread in the lateralaser structure.
direction takes place in the bulk of the buffer layer. A de-
tailed discussion of the heat spread in the buffer layer is
given elsewherd. In this work, we considered the heat !l CURRENT SPREAD

spread only in the laser structure. , The calculation of the current spread is hindered by the
.The high current densﬂy near the ed'ges of the aCt'V‘?act that the structure consists of two layers with different

region leads to greater heatlng there. This effect Compet%nductivities. The small thickness of tlpecladdlng bl)!

with better cooling conditions: the current density drops Verycompared to the width of the contaet)( however, allows us

quickly in the lateral direction away from the active region, \; qcsume the current spread in fheladding is negligible.
and the material there is not heated. As a result, for smal,, potential drop across this layer iU (X)
P

p-cladding resistance, the edges of the active region have bajy(x,0)/c,, wherej,(x,y) is the component of the cur-
rent density across the layer. The potential at the contact

Ml

x/b

3.0 stripeU is constant, and the potential drop across the active
region U, is also constant above threshold. However, the
25 potential at then-side of the active region,
Ua(x)=U~Ug~byjy(x,0//c, (3.0
2.0
7 depends on the distribution gf(x,0). The approximation
I |15 ) . ! Eqg. (3.2) is not valid in a small vicinity of the edges of the
' Rty y, active region. We discuss this problem at the end of Sec.
- I B.
1.0 1

blon/bcp =0.1

First, we find the electric potential in threlayer, assum-
ing that the potentialJ,(x) is known and that the normal
current across the—n interfacej,(x,0)=0 away from the
active region. The other boundary condition for thayer is
zero potential at tha-contact. The solution to this problem
is given in Sec. lllA. This solution allows us to find the
current density(x,y) everywhere in thex-layer and, in par-
FIG. 3. The dimensionless current dengity units of I/Lb, wherel is the  ticular, the current density normal to the-n interface,
total currentL is the cavity length, and is the thickness of the structure  j, (x,0), at|x|<a/2. This current density depends bh(x)
as a funct_ion ofx/b for different p-cladding res!stances. The edges of the 3nd substitution of it in Eq.3.1) provides an integro-
active region correspond tdb=*=0.357. The distance from tm}conFact differential equation forU,(x). This equation is solved in
y=b,;=0.01b, the numbers on the curves are the values of the ratio of the . a ;
p- and n-layer resistancesh; o, /ba, . The smaller this parameter is, the S€C- 11 B. This completes the calculation of the current den-
more pronounced are the singularities at the edges of the stripe. sity in the structure.

0.5

0.0

-1.0 0.5 0.0 0.5 1.0
x/b
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A. Current spread in the n-layer lul<uz: ¢=(U—-UgyP(u), (3.83
The current density(x,y) can be found from current Us<|u|<1l: w=const (3.8b
conservatiorV-j=0 and Ohm’s lawj=— o,V ¢, where ¢
is the electric potential. The carrier concentration is typically ~ 1<|u|: ¢=0, (3.80
large, which allows us to neglect the diffusion current. Thenwhere
V2¢4=0. (3.2 b 1+u
d(u)= I — .
The boundary conditions for E¢3.2) are (W= U-U, Y 3.9
y=0, |x|<al2: ¢$=U4x), (3.33  Additional conditions are continuity ap(u,v) near singular
points of the transformatiow=u,, w=1, and a decrease of
¢ ¢(u,v) to zero whenw goes to infinity. Apparently®
=0, |[x|>a/l2: —=0, 3.3b ' '
y=0, x| Y @30 T hZaw).
_ The difficulty of the problem is that boundary conditions
y=b: ¢=0. (330 (3.9 are mixed, that is, at some parts of the boundary only

In addition, the potential goes to zero whit goes to in-  the real part ofy(w) is given, while at the others only the

finity. It follows from the symmetry of the problem that imaginary part is known. The problem can be solved with the

U.(—x)=UL(x). To simplify the notation, we chosg=0 Keldysh—Sedov methotf,and the result is

in this section to be the level of the active region. 2( 0
The mixed boundary conditions =0 do not allow us ~ x(W)=— TW\/(l—Wz)(WZ— uz)

to use separation of variables for the solution of 832), so

that we must make use of a more powerful method: confor-

mal mapping. According to this method,can be considered d(t) dt

as the real part of an analytic function of the complex vari-

ablez=x+iy: \/ 1-12)(u2—1?) t'~

X(2)=¢(X,y) Tig(X,y). 3.4

- )
The problem now is to find the functiop(z) analytic in the _ ( 1-w’ f P(ndt
stripe 0<y<b that satisfies the boundary conditions (1-w?)K(y1-u3) V(1-t?)(uz—t?)

y=0, |x|<a/2: ¢=U,(x), (3.5a (3.10
(3.50 whereK(k) andII(s,k) are complete elliptic integrals of the

' first and the third kind, respectively.
y=b: ¢=0. (3.50 The total current across the device can be easily calcu-

lated by the integration of the current densityyat 0 with
Eq. (3.5b follows from Eq.(3.3b due to Cauchy—Riemann the help of Eq(3.6):

conditions

al2
9 9 9 9 I=—LJ jydx=2Lo,(x=al2,y=0)
9% _ 'p, _lp:__(ﬁ, (3.6) —ar2” "
ax  ay’  ox ay

y=0, |x|>a/2: =const,

that provide the analytic property gf(z). 2Lond(Ua0), (.13

The boundary problem for the strig@.5) can be re- WhereL is the length of the stripe. The value ¢{u,,0) is
duced to a problem in the upper half-plane of another comobtained in the boundary problem for the potential, and the
plex variablew=u+iv, where its solution is simpler. This is result is

done with the transformation _
Y=Y
. h— bI 1+w 3.7 oo
w=tan z=—In——. .
This transformation maps the segment of the real &xis AT o J1-D)(2-0) (3.12
a

<al2 to the segment of the real axjs|<u,, where u,
=tanh@a/4b). The negative and positive parts of the real  For the calculation of the current density, it is convenient
axis outside of this segment are mapped to the parts of th® introduce a complex current,

real axis where- 1<u<u, andu,<u<1, respectively. The [(2)=]—ij (3.13
parts withx<0 andx>0 of line y=b are mapped to the y

regions of the real axis where< — 1 andu> 1, respectively, ~With the help of Eq(3.6) Ohm’s law can be written as

so that the point=ib is mapped to infinity atv-plane. Now dy |
the problem is to find the functiop(w) analytic in the upper j=—ono= iz 1b
half-plane ofw and satisfying the following conditions at the

real axis: where

—J(w), (3.19
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J(w)=—

w
PTVEVA I u3)

f - d)(t)dt

After a quite tedious calculation afy/dw, the result is re-
duced to

-1 dX

(l—Wz)m.

(3.19

W)= Ua d(t)dt
W
o J(1-t2)(u3-1?)
1-w?
X \/m[h(ua)—Jz(W,ua)], (3.16
where
d(ty)dty
D=E(J1-12
Ji(ua)=E( ug) \/(1 220
d(t)t%dt
—K(yJ1—u . (3.17
(Vi~u J(l t?)(uz—t?) i
/ _ 42
Jo(w,ug)=K(y/1—u )J t )(u <I> (t)tdt,
(3.17h

where E(K) is the complete elliptic integral of the second

kind.

If the resistance of the-cladding can be neglectdthe
exact criterion is given in Sec. llIB then ®(t)=1,
Jo(w,u,) =0, and

J1(Up) = K(Up) E(V1—U2) — [K(uz) — E(un) JK(V1—Uu2)
_7T
=3 (3.18

due to the Legendre relatiGAAs a result,

] B T 1-w? 31
(W)= 4K(uy) Vw2—u? .19
and the resistance of the structure
1 K(y1-ud)
&, (3.20

T 2Lo, K(uy

Laikhtman et al.

B. Potential distribution at the active region

According to Egs. (313 and (3.14 |,
=—(l/Lb)Im J(w). At the active regiony=0 and|x|<al/;
that is, atv =+0 and|u|<u,, Eq.(3.16 gives

. 1 Ua d(t)dt
ImJ(u+|0)=—§ Jo \/(1—t2)(u§—t2)

1-u?
X \/JZ__Uz[Jl(ua)_Re‘]Z(uaua)]-

(3.20

The substitution of this expression in E®.1) leads to the
equation

D)= l_b [1—u?]  Jy(uy)
W b, Vi v k(1w

f JT

-1

d'(t)tdt|. (3.22

We solve Eq(3.22 with a variational method by mini-
mizing functional

b,o 2
HAP]= f du)—1-— b(rp K(l—\/Tufl)
xJua UL ImJ(u+io0) 2
0 J(1-t?)(uz-t?
(3.23
A good approximation is given b (u)=c;—c,u?—c,u®,

wherecy, ¢,, andc; are variational parameters.

The current density resulting from this calculation is pre-
sented in Figs. 2 and 3. In Fig. 2, the dependence of the
dimensionless currerjl] on x/b is given at different dis-
tances from the-contacty/b. The larger this distance, the
less pronounced the current singularities are. The active re-
gion is aty/b=0.01.

In Fig. 3, the dependence @f| on x/b aty/b=0.01 is
presented for different ratios pfcladding anch-layer resis-
tances. It is clearly seen that the resistance ofptiéadding
smears the current singularities. Equati@®®22 shows that

Expression(3.19 has a very remarkable property: it is the effect of p-cladding is controlled by the ratio of the
singular atv= *u, . In other words, the current density goes p-cladding andn-layer resistance®,0,/bo,. When this
to infinity at the edges of the active region. The reason forratio is not small, the potential drop across teladding
this behavior is very simple. It is known that at sharp edgesignificantly affects the potential distribution.

of a charged piece of metal, the electric field goes to infinity.

One also has to keep in mind that there is another factor

The infinite value of the current density results from the in-that smears the current singularity within a small vicinity of

finite electric field.

the edges of the active region. This is a small current spread

The singular behavior of the current at the edges of thén the lateral direction that is neglected in E8.1). It is easy
active region came from the approximation used in Eqto show that the ratio of two current components in the
(3.19. In reality, the current density is singular at the edgesp-claddingj,/j,~b;/a<1. This estimate is not valid, and
of the contact stripe, while at the edges of the active region,/j,~1 only at the vicinity on the order ob, near the

the singularity is smeared by the resistance ofptbeadding

edges. Compared to the finite resistance of pheladding

and by a small spread of the current there. The first reason that affects the current distribution over the whole width of

considered in the next subsection.

the active region, the effect ¢f can be neglected.
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IV. TEMPERATURE DISTRIBUTION smaller the heating. The second feature is the fall-off of
T(x,b;) away from the active region that characterizes the

The calculation of the temperature distribution is re- utual heating of different laser stripes in a bar.

duced to the solution of the equation
FT PT 1

—2=—;Q(x,y), (4.1

WjL ay A. Heating by the active region

in the region B<y<b where T is the temperature excess An important feature o,(x,y) is that, due tdb,<a,
above the temperature of the heat sirks the thermal con- the spread of the current between theontact and the ac-
ductivity, andQ(x,y) is the dissipated power density. Simi- tive region can be neglected, that @,(x,y) is zero when

lar equations with zero on the right-hand side have to béy|>a/2. Above threshold, the voltage across the active re-
solved in the thermal buffers. The buffers can be modeled bgion (U,) is constant, so that the electric power dissipated in
layers with thermal conductivity; and the widthb,. the active region per unit volume 3,j,5(y —b;). Assum-

In this article, we are interested only in the temperaturéng the optical power per unit area of the stripe ps
distribution inside the laser structure, and will disregard the= 74(jy—]jw) (74 is the differential efficiency ang, is the
lateral heat sp?read in the buffer lay@his spread is consid- threshold current densitywe have
ered elsewherg In this case, the temperature derivatives _ -
normal to the interfacgg=0 or y=b inside the buffer are Qa(xy)=[Ua}y(x,b) + Prn]

T(x,0)/b, and T(x,b)/b,, respectively, and the respective X &(y—Dby)6(al2—x) 6(al2+Xx), (4.8
heat fluxes are- x,T(x,0)/b, and x;T(x,b)/b,. The heat In integral (4.5),

: , : N where U;=Uy— and = Ndl th-
flux at any interface is continuous, giving the boundary con 10 7d Ptn= 7l

‘G(x,y,y") is simplified, and

ditions
U,l b
aT y aT y T.Xy)= —1®al(x/b,y/b)+ IC)i@az(x/b,y/b),
(?_ ZBle:O, (9_ :_BT|y:b’ (42) LK K
y y=0 y y=b (493
wherey=bk, /b,k is ratio of thermal resistances of the la- a/2b
ser structure and the thermal buffer. In genesaincludes Oa(§, ﬂ):—J IZbG(E—f’,ﬂ,bﬂb)lmJ
the thermal resistance of the solder layer. Its value also can -
be modified in the case of a nonideal heat sink. (¢ +iby/b)|
The solution to Eq(4.1) with boundary condition$4.2) X tanhf d¢’, (4.9
can be written in the form
al2b
1 (= b X—X' ! Q) , :f G(é— €' ,m,by/b)dE’. 4.9
T(X'y):;f dx,f dy,G( - ’%,%)Q(X,,y,)’ a2(§,7) s (§—¢',m,b,/b)d¢ (4.90
— o 0

(4.3  The second term in Eq4.9a is the temperature rise due to
power dissipated by the threshold current, while the first
term comes from the dissipation produced by the current
above threshold. The dependencednf; and® ,, on x/b at

the level ofy corresponding to the active region is shown in
Figs. 4 and 5.

where the Green function is

o0

b
G(&,mn')=2 5

n= n

e #léY () Ya(7), (4.4)

Sn , 2 uaty?
Yn(n)—BnCO{ﬂnn—7>, Bn—my

(4.5 B. Heating by p-cladding
and the eigenvalues can be representedugs (n—1)w Due to negligible current spread in tipecladding, Eq.
+6,, n=1,2,..., whered, is the root of the equation (3.19 gives
On y 12 wz\|?
tan7= —Dnts.’ (4.6) Qx.y) = m J tanhﬁ) , if |x|<al2,0<y<by,

in the interval(0,m).

There are three main sources of heat: the active region
source Q,4(x,y), the p-cladding sourceQ(x,y), and the
n-cladding and substrate sour@g(x,y). Respectively, there

are three contributions to the temperatarg(x,y), Ty(X,Y),
andT,(x,y). The total temperature rise is

TX,Y)=Ta(X,y) + Tp(X,Y) + Ta(X,Y). (4.7)

When comparing the different contributions, it is instructive
to pay attention to two features. The first is their dependence
on b;/b<1. The higher the power of this parameter, the

0, otherwise.

(4.10
Equation(4.5) takes the form
|2
Tp(x,y)= LZO'pK O p(x/b,ylb), (4.11a
al2b by /b
®p(§777):J' d§’f dn'G({—¢",17,71")
—al2b 0
(&' +in')||?
X|9| tanh———— (4.11h
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FIG. 4. The dimensionless temperature created by the above threshold cUfiG. 6. The dimensionless temperature created by the series resistance of
rent across the active region as a functiorxtd§ at the level of the active  p-cladding as a function of/b at the level of the active region. The labels
region. The labels on the curves give the ratiof the thermal resistances of on the curves give the ratio of the thermal resistances of the structure and
the structure and the thermal buffer. The inset shows the dependefigg of the thermal buffexy). The inset shows the dependenceff atx=0 as a

atx=0 as a function ofy. function of y.
The dependence @D, on x/b at the level ofy corre- = (1 ’ , ’
sponding to the active region is shown in Fig. 6. 0,(¢, 77)=f d¢ fb /bdﬂ G(é—¢n.7m)
Cw .
"L 2
C. Heating by n-cladding and substrate X1J tanhw (4.13b

In this region, the heat source is
The dependence d@d, on x/b at the level ofy corre-

12 ;J tanhw—z z b.<v<b sponding to the active region is shown in Fig. 7.
Qn(x,y)= I-sza'n 2bj| " YD
0, otherwise. V. RESULTS

(4.12

The contribution of the thirp-cladding, 6<y<b,, is rela-
tively small and can be neglected. As a result,

The first important result that we obtained is a descrip-
tion of the nonuniform current distribution in the active re-
gion. The current singularities near the edges of the active

12 region(Fig. 3 can substantially affect the mode composition
T.(X,y)= %o 0,(x/b,y/b), (4.133
onkK
12 100 1.0
0.6 o€ Z ; 140 ﬁrm;l y=05 @n(())
a =100 pm G220 101 55 bo, =40 0.5
05 b =140 ym vy=05 0.4 19p/96p ==
- y=b;=001b 0.0
y=by=0.01b 038 02 4 6 8 10
04 . 6y ¥
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x/b
FIG. 7. The dimensionless temperature created by the series resistance of

FIG. 5. The dimensionless temperature created by the threshold curretie n-layer as a function o/b at the level of the active regiofa) and(b)
across the active region as a functiorxfib at the level of the active region. correspond, respectively to different values of the ratio of heladding

The numbers on the curves give the ratio of the thermal resistances of thendn-layer resistancedy; o, /ba, . The labels on the curves give the ratio
structure and the thermal buffey). The inset shows the dependencedqh v of the thermal resistances of the structure and the thermal buffer. The inset
atx=0 as a function ofy. shows the dependence ©f, at x=0 as a function ofy.
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FIG. 8. The profile of different contributions to the temperature across the 00 10 20 30 400'0
n-layer. T,; andT,, cannot be distinguished. Contrary to all othéfg,has Current (A)

a maximum in the middle ofi-region.

FIG. 9. Measured output power and wall-plug efficiency of a 10-emitter
. . . . laser bar versus current. The inset shows how the laser bar was mounted on
of the generated light. In this article, we do not study thiSthe heat sink.

effect, and are concerned only with the nonuniform heating
of the active region.

The temperature in the structure is represented as . _ . .
higher in the places where more heat is generated; that is, at
T(x.y)= pt_hb® (f X) N ﬂ@) (f X) the edges. These details are reflected in Figs. 4 and 6.
' k 2\b'b L« °Hb’b The spread of the heat generated in the active region and
p-cladding in the lateral direction away from the active re-
12 o (f X) N 12 o X X) gion is relatively weak. This results from the relatively short
L?epk P\b’b L2o,x \D'D)’ distance between the active region and the boundary of the
structure. One has to keep in mind that the model we used
(5D here considers only the lateral heat flow in the laser bar. If
where the first term is the heating in the active region due tdhe thickness of the buffer layer is large compared to the
the threshold current, the second term is the heating in thiaser structure, most of the lateral spread takes place in the
active region due to the current above threshold, and last twbuffer layer. The situation is different for the heat generated
terms come from the heating by tipecladding andn-layer in the n-layer. It can spread at the distance about the thick-
series resistances, respectively. The dimensionless functiomgss of the layer before it is transferred to the heat sinks.
0 »(x/b,y/b), 01 (x/b,ylb), Op(x/b,y/b), and  Typically, however, the amount of this heat is very small and
0 ,(x/b,y/b) describe the coordinate dependence of the temits effect on the lateral heat spread is negligible.
perature and are represented in Figs. 4—8. Typically, the tem- The heat generated jp-cladding and the active layer is
perature of the active region is nearly proportional to thetransferred to the heat bath mainly via {haide just because
current3122528yhich means that the main heat source is thethe thickness op-cladding is significantly smaller than that
power dissipation in the active region. of n-layer resulting in a smaller thermal resistance. The pro-

The edges of the active region can be heated moréle of the different contributions to the temperature across
strongly than the middle at a relatively smadicladding the structure is shown in Fig. 8. The power dissipated in the
layer resistancéFigs. 4 and §when the current singularity n-layer leads to a maximum of the contribution in the middle
at the edges is strong enouggee Fig. 3. of the layer, contrary to the others.

The temperature distribution in the active region de- We compared the theoretical results with measurements
pends substantially on the ratio of the thermal resistances ahade on laser bars mounted in metallized grooves in BeO
the structure and buffer laydr). For a smally (i.e., rela-  blocks which were bonded on a water-cooled microchannel
tively large thermal resistance of the buffer laydhe ther- Cu heat sink(see inset in Fig. P The InGaAsP/InP hetero-
mal exchange between the structure and the heat sink is histructure was grown by metalorganic chemical vapor depo-
dered. Thus, a wider region of the interface is needed taition. The active region consisted of three 6-nm-thick com-
transfer the heat generated in the structure to the heat singressively strained QWs incorporated into a two-step graded
When this region is wider than the active region, a significanindex waveguide with a total thickness of 710 nm. Zn doping
part of the heat flux from the active region goes in the laterabf the 1.5um-thick p-cladding provided optical loss as low
direction. As a result, the edges of the active region havas 2—3 cm*.?"?8The separation between andp-contacts
better cooling conditions and their temperature is lower. Atwas 140 um. The laser facets were high-reflection/anti-
large vy, the heat flux is directed perpendicular to the inter-reflection coated with reflection coefficients of 95% and 3%,
face, and cooling conditions of all parts of the active regionrespectively. We used a 1-cm-long laser bar containing ten
are more or less the same. As a result, the temperature i90-um-wide emitters equally spaced 1 mm center-to-center.
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16 nonuniform lateral current distribution, most of the current
flows more close to the edges of the active region where the

14 . .
cooling is better.

12 4 Iy
0 VI. CONCLUSION
T | s The results of the calculation allow us to make the fol-
lowing conclusions.
6 [

* The current is nonuniformly distributed laterally across
41 the active region. The smaller the thickness of
p-cladding and the larger its conductivity, the larger the
magnitude of the current density near the edges of the

0 . . . . . active region compared to the middle.
5 10 15 20 25 3 3 » The nonuniform current distribution across the active
1(A) region can(i) affect the optical energy distribution be-

tween high- and low-order modes arfii) lead to a

FIG. 10. Temperature of the active region versus current. Points present the higher temperature at the edges of the active region than
measured temperature and the curve gives the theoretical dependence. in the middle

» Heat spread in the lateral direction comes mainly from
The laser cavities were 1 mm long. The laser power versus the current spread and the heat conductance in the rela-
current is presented on Fig. 9. The measured resistance is tively thick n-substrate. The width of the lateral spread

consistent with  ¢,=320Q0 " *cm™? and o, in then-layer is about the thickness of this layer. Due to
=1.60"' cm L. The voltage across the active regibh the relatively small contribution of the heat dissipated in
=0.91 V. The power dependence on the current gives effi-  the n-layer, significant lateral heat spread and mutual
ciency 74=0.51 W/A and the threshold current for one emit- heating of lasers in a bar takes place in the buffer layers.
teris 0.5 A. » The thermal resistance of the buffer layers crucially af-

The temperature of the laser active region was estimated ~ fects the heating of the active region and the lateral
from the emission spectrum shift with drive current. To cal- ~ Width of the temperature distribution.

culate the temperature change a calibration factor of 0.55 ¢ The active region edges may experience higher than
nm/K was obtained by measuring the spectral shift under ~ expected temperatures, which could have implications
low-duty-cycle(0.02%, low-pulse-width(200 n3 excitation for the device lifetime. This may be especially impor-
at a variety of heat-sink temperatuf@slo estimate the con- tant near the facets where additional heat loads are ap-
tribution of factors related to current change, we fixed the plied.

heat-sink temperature and increased the current in low-duty-

cycle pulse operation. The spectral shift due to current undeAhCKNOWLEDGMENT
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