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The intrinsic features involving a circularly symmetric beam profile with low divergence, planar geometry as well as

the increasingly enhanced power of vertical-cavity surface-emitting lasers (VCSELs) have made the VCSEL a promising

pump source in direct end bonding to a solid-state laser medium to form the minimized, on-wafer integrated laser

system. This scheme will generate a surface contact pump configuration and thus additional end thermal coupling to

the laser medium through the joint interface of both materials, apart from pump beam heating. This paper analytically

models temperature distributions in both VCSEL and the laser medium from the end thermal coupling regarding surface

contact pump configuration using a top-emitting VCSEL as the pump source for the first time. The analytical solutions

are derived by introducing relative temperature and mean temperature expressions. The results show that the end

contact heating by the VCSEL could lead to considerable temperature variations associated with thermal phase shift

and thermal lensing in the laser medium. However, if the central temperature of the interface is increased by less than

20 K, the end contact heating does not have a significant thermal influence on the laser medium. In this case, the

thermal effect should be dominated by pump beam heating. This work provides useful analytical results for further

analysis of hybrid thermal effects on those lasers pumped by a direct VCSEL bond.
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1. Introduction

In general, diode pumped solid-state lasers

(DPSS) require focal and beam correcting optics to

provide a highly efficient, circular pump beam. This

increases the complexity and cost of a laser system

as well as the difficulty in making a highly inte-

grated, compact laser device. Recent developments

in high power vertical-cavity surface-emitting laser

diodes (VCSELs)[1−6] have successfully made the VC-

SEL an alternative pump source for lasers.[7−10] The

advantages of the VCSEL as a pump source lie in its

circularly symmetric beam profile with low divergence,

planar geometry and easy fabrication in 2-dimensional

arrays, which make it possible to develop a direct end

contact pump to the laser medium to form a mini-

mized, on-wafer laser device with structural simplifi-

cation and reduced cost without reduction of pump

efficiency. This scheme was first proposed and tested

experimentally in Ref.[7], in which the VCSEL was

placed in extreme proximity to a solid-state laser crys-

tal and laser output with fundamental mode was ob-

tained.

The monolithic integration of the laser medium

with a VCSEL by direct bonding to each other will

lead to different thermal effects from those in an or-

dinary DPSS device, as an additional end contact

heating or end thermal coupling to the laser medium

occurs through the joint interface of both materials,

apart from conventional pump beam heating. This

also causes different temperature distribution in the

VCSEL due to changed boundary conditions. In this

case, the heat flux spreads into the laser medium

through the joint interface directly from the VCSEL.

So far, all studies on thermal properties of VCSELs

and solid-state lasers have been based on single de-

vices or arrays with the surface exposed to the air for

the VCSELs[11−15] and an ordinary pump beam heat-

ing configuration for DPSS,[16−20] respectively. The

results from these studies are not suitable for VCSEL

bonded solid-state lasers due to the different thermal

boundary conditions and heating mechanism. No pa-

pers have presented modelling and analysis of the tem-

perature characteristics and thermal effects of VCSEL

pumped solid-state lasers with the longitudinal bond
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scheme.

Therefore, it is important to analyse and assess

the thermal effects on the laser system from end ther-

mal coupling or end contact heating in order to de-

velop VCSEL bonded solid-state lasers. Although the

thermal effect from pump beam heating still plays a

role in the VCSEL bonded laser medium, it has been

investigated well for ordinary DPSS devices and thus

is not what we are concerned about here. In this pa-

per, the temperature distributions in the laser medium

and the VCSEL due to the end contact heating in the

VCSEL bonded solid-state laser are modelled analyt-

ically for the first time to our knowledge. Analyti-

cal solutions characterizing temperature distributions

in both materials relating to the contact heating are

obtained successfully, and provide an useful tool not

only for further analysis of thermal effects in VCSEL

bonded solid-state lasers, but also for analysing other

VCSEL bonded devices.[21]

2. Calculation model

When the solid-state laser medium is bonded lon-

gitudinally by the VCSEL, a contact pump configura-

tion is formed and thus end thermal coupling occurs.

In this case, the heat flux from the VCSEL spreads

into the laser medium through the joint interface of

both materials by conduction and leads to variation

of the temperature distribution on the VCSEL sur-

face as well as an additional temperature field in the

laser medium, in comparison with a non-touch pump

configuration. To analyse and characterize the tem-

perature characteristics in the VCSEL and the laser

medium caused by end contact heating, an analytical

thermal model is created and shown in Fig.1, in which

pump beam heating is excluded.

Fig.1. Diagram of end contact heating in a solid-state

laser bonded by a VCSEL.

The VCSEL chip is regarded as a disc with all

heat sources concentrated in the region, r ≤ r0, which

corresponds to the current injection area and within

the VCSEL cavity. The thermal model of the VCSEL

is similar to that described in Ref.[11], but with a dif-

ferent boundary condition for the top-surface. The

heating regions of the model in Fig.1 can be divided

into three sections which correspond to VCSEL sub-

strate A1, VCSEL cavity A2 and laser medium A3

with lengths H1, Lv and Ls, respectively. The heat

generated by heat sources in the cavity region of the

VCSEL diffuses to both the substrate A1 and the laser

medium A3 and satisfies the following boundary con-

ditions.

All sides of the model and bottom of the VCSEL

are assumed to have a fixed temperature, for example,

ambient temperature, which can be realized by heat

sink control in experiment. The light output end of

the laser medium can be processed approximately as

a heat-isolated surface.[16] Thus, the boundary condi-

tions based on the above consideration can be written

mathematically as

z = 0, T1 = 0, (1)

r = Rs, T1,2,3 = 0, (2)

z = H1 + Lv + Ls,
∂T3

∂z
= 0, (3)

where T1, T2 and T3 represent the relative tempera-

tures of three sections A1, A2 and A3 to the ambient

temperature, respectively. The temperature continu-

ity at the interfaces r = r0, z = H1 and z = H1 + Lv

allows additional conditions given by

r = r0, T ′ = T ′′, (4)

r = r0,
∂T ′

∂r
=

∂T ′′

∂r
, (5)

z = H1, T1 = T2, (6)

z = H1,
∂T1

∂z
=

∂T2

∂z
, (7)

z = H1 + Lv, T2 = T3, (8)

z = H1 + Lv,
∂T2

∂z
=

∂T3

∂z
, (9)

where T ′ and T ′′ are the relative temperatures of the

regions r ≤ r0 and r > r0 to the ambient temperature,

respectively.
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3. Analytical solutions

A general steady-state heat conduction equation

for the model in Fig.1 can be written as

1

r

∂

∂r

(
r
∂T

∂r

)
+

∂2T

∂z2
= − q̇

κ
, (10)

where q̇ is the rate of total thermal energy generated

per unit volume from all heat sources in the VCSEL. κ

is thermal conductivity, whose value is related to the

materials. The general solution of Eq.(10) for each

section of the model can be obtained by the following

calculations.

Section A1 of the model is the VCSEL substrate.

Thus, there is no heat source in there and the bound-

ary conditions of Eqs.(1) and (2) are satisfied. The

right side of Eq.(10) goes to zero and the general so-

lution can be obtained as

T1 (r, z) =

∞∑
n=1

[Bn sinh (λnz)] J0 (λnr), (11)

where λn is a specific series of coefficients satisfying

the boundary condition of Eq.(2), i.e. J0 (λnRs) = 0,

Bn is a series of constants, J0(λnr) is the zero-order

Bessel function.

Section A2 involves all heat sources concentrated

in the region r ≤ r0 in the VCSEL. Thus, the thermal

conduction equation for the section A2 is written as

1

r

∂

∂r

(
r
∂T2

∂r

)
+

∂2T2

∂z2
=


− q̇

κ
, 0 < r ≤ r0,

0, r0 < r ≤ Rs.

(12)

Since section A2, i.e. the VCSEL cavity, is generally

very short, which is typically about 10 µm in length,

there is little difference in temperature over the whole

cavity length under the condition of steady-state heat

flux distribution. Thus, a mean temperature over sec-

tion A2 along the z-axis can be introduced as a mea-

sure of central temperature from the heat sources of

the VCSEL, which can be written as

⟨T2 (r)⟩ =
1

Lv

∫ H1+Lv

H1

T2 (r, z) dz. (13)

This brings additional boundary conditions at the in-

terfaces between the sections A1, A2 and A3, which

are given by

T1 (r,H1) ≈ ⟨T2 (r)⟩ ≈ T3 (r, L1) , (14)

where L1 = H1 + Lv. Thus, the integral over the

section A2 can be executed on both sides of Eq.(12),

which yields

1

r

∂

∂r

(
r
∂⟨T2 (r)⟩

∂r

)
+

1

Lv

∂T2

∂z

∣∣∣∣∣∣ z = H1 + Lv

− ∂T2

∂z

∣∣∣∣∣∣ z = H1

 =


− q̇

κ
, 0 < r ≤ r0,

0, r0 < r ≤ Rs.

(15)

Since there is no heat source within section A3 ei-

ther, the right side of Eq.(10) equals zero. Under the

boundary conditions of Eqs.(2) and (3), the general

solution of the conduction equation for section A3 can

be obtained as

T3(r, z) =
∞∑

n=1

Cn[cosh(λnz)− tanh(λnLtot)

· sinh(λnz)] · J0(λnr), (16)

where Ltot = H1 + Lv + Ls is the total length of the

VCSEL and laser medium, Cn is a series of constants.

Thus, the differential temperatures at z = H1 of sec-

tion A1 and z = H1+Lv of section A3 can be obtained

from Eqs.(11) and (16), respectively, and are given by

∂T1 (r, z)

∂z

∣∣∣∣
z=H1

=
∞∑

n=1

B′
nλnJ0 (λnr), (17)

∂T3 (r, z)

∂z

∣∣∣∣
z=L1

=

∞∑
n=1

C ′
nλnJ0(λnr), (18)

where B′
n = Bn cosh (λnH1) and

C ′
n = sinh(λnL1)− tanh(λnLtot) · cosh(λnL1).

Thus, substituting Eqs.(17) and (18) as well as the

temperature continuity conditions of Eqs.(7) and (9)

into Eq.(15) yields
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1

r

∂

∂r

(
r
∂⟨T2 (r)⟩

∂r

)
+

1

Lv

[ ∞∑
n=1

(C ′
n −B′

n)λnJ0(λnr)

]
=


− q̇

κ
, 0 < r ≤ r0

0, r0 < r ≤ Rs.

(19)

Integrating each item of Eq.(19) in the radial di-

rection and applying the temperature continuity con-

ditions of Eqs.(4) and (5) at the interface r = r0 as well

as the following conditions to the integral of Eq.(19),

r = Rs, ⟨T2⟩ = 0, (20)

r = 0,
∂⟨T2⟩
∂r

= 0, (21)

we can obtain the temperature, ⟨T2 (r)⟩,

⟨T2 (r)⟩ =
1

Lv

[ ∞∑
n=1

(C ′
n −B′

n)

λn
J0(λnr)

]
+ f(r), (22)

where

f (r) =
q̇r20
4κ


−2 ln

r0
Rs

+ 1−
(

r

r0

)2

, 0 < r ≤ r0,

−2 ln
r

Rs
, r0 < r ≤ Rs.

(23)

The constants Bn, Cn and C ′
n −B′

n are obtained

by substituting Eqs.(11) and (16) into the condition

Eq.(14), which are

Cn = DnBn, (24)

C ′
n −B′

n = GnBn, (25)

Dn =
sinh (λnH1) cosh (λnLtot)

cosh (λnLs)
, (26)

Gn = −cosh [λn (Ls +H1)]

cosh (λnLs)
. (27)

Therefore, the temperature ⟨T2 (r)⟩ can be expressed

as

⟨T2 (r)⟩ =
1

Lv

[ ∞∑
n=1

GnBn

λn
J0(λnr)

]
+ f(r). (28)

The function f(r) is characterized by substituting

Eqs.(11) and (28) into Eq.(14), which is

∞∑
n=1

HnJ0(λnr) = f(r), (29)

where

Hn = Bn [sinh (λnH1)−Gn/Lvλn] . (30)

Using Bessel function theory, we can write the

constant Hn in Eq.(30) as

Hn =

Rs∫
0

rf (r) J0 (λnr) dr

Rs∫
0

rJ20 (λnr) dr

. (31)

Thus, the constant Hn is obtained by substituting

Eq.(24) into Eq.(31), which is

Hn =
2q̇r0
κR2

s

· J1 (λnr0)

λ3
n · J21 (λnRs)

. (32)

The constant Bn is obtained by substituting Eq.(32)

into Eq.(30), which is

Bn =
2q̇r0Lv

κR2
s

· 1

λ2
n

· 1

Lvλn sinh (λnH1)−Gn

· J1 (λnr0)

J21 (λnRs)
. (33)

The constants Cn, C
′
n−B′

n are obtained by substitut-

ing Eq.(33) into Eqs.(24) and (25). Finally, the ana-

lytical solutions characterizing the temperature dis-

tributions of the VCSEL top-surface and the laser

medium due to the end contact heating are obtained

as

⟨T2(r)⟩ =
2q̇r0Lv

κR2
s

∞∑
n=1

1

λ2
n

· sinh (λnH1)

Lvλn sinh (λnH1)−Gn
· J1 (λnr0)

J21 (λnRs)
· J0 (λnr) , (34)

T3(r, z) =
2q̇r0Lv

κR2
s

∞∑
n=1

Dn

λ2
n

· cosh [λn (Ltot − z)]

[cosh(λnLtot) · [Lvλn sinh (λnH1)−Gn]
· J1 (λnr0)

J21 (λnRs)
· J0 (λnr) , (35)
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where Gn is determined by Eq.(27).

In general, it is difficult to derive the values of

total thermal energy generation rate q̇ and thermal

conductivity κ exactly from the known conditions in

order to describe the absolute temperatures given by

Eqs.(34) and (35). However, this problem can be re-

moved by introducing a relative temperature to the

central temperature at r = 0. Using this treatment,

we can rewrite Eq.(35) as

T ∗
3 (r, z) =

T3(r, z)

T3(0,H1 + Lv)
. (36)

Thus, the actual temperature variation within the

laser medium due to end contact heating can be char-

acterized by taking the product of the relative temper-

ature T ∗
3 (r, z) determined by Eq.(36) and the central

temperature Tvc = T3(0, H1 + Lv), which represents

the temperature of VCSEL heat sources and can be

measured by experiment

T3(r, z) = Tvc · T ∗
3 (r, z). (37)

Based on Eq.(37), a 3-dimensional temperature distri-

bution in the laser medium from end thermal coupling

is plotted in Fig.2. The VCSEL is 100 µm in diameter

with cavity length of 10 µm and substrate thickness

of 150 µm. The laser medium may be a solid-state

crystal or other laser material with an optical aper-

ture of 2.0 mm in diameter and a medium length of

500 µm. The central temperature of the VCSEL is

changed by ∆Tvc = 100 K. Obviously, the end thermal

coupling from the VCSEL produces abrupt tempera-

ture variations, i.e. high differential temperatures, in

both radial and axial directions in the laser medium.

The high differential temperatures in both directions

mean that the end contact heating from the VCSEL

may lead to considerable thermal phase shift and thus

thermal lensing in the laser medium, apart from the

thermal guiding effects induced by the pump beam

heating.

Fig.2. The 3-dimensional temperature distribution

within the laser medium from end thermal coupling with

a VCSEL pump source.

To investigate the total thermal phase shift

caused by the end contact heating in the laser medium,

the mean temperature over the laser medium length is

taken by integration of Eq.(35) along the z-axis, which

results in

⟨T3(r)⟩ =
2q̇r0Lv

κa (x)R2
sLs

∞∑
n=1

Pn

· J1 (λnr0)

J21 (λnRs)
· J0 (λnr) , (38)

where

Pn =
1

λ3
n

· sinh (λnH1) · sinh (λnLs)

Lvλn sinh (λnH1) cosh (λnLs) + cosh [λn (Ls +H1)]
. (39)

Applying a similar treatment to Eq.(35), we can ex-

press Eq.(38) by using a relative temperature as well,

which is given by

⟨T3(r)⟩ = Tvc ·
⟨T3 (r)⟩

T3 (0,H1 + Lv)
. (40)

Thus, the temperature variation ⟨∆T3(r)⟩ relative to

the room temperature, 300 K, with increasing central

temperatures of the VCSEL is plotted in Fig.3.

The data in Figs.2 and 3 show that there are con-

siderable temperature variations in both radial and

axial directions within the laser medium when the

joint interface of both materials is heated up by the
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VCSEL. Particularly, the high differential tempera-

tures make sense in causing thermal phase change and

thus the thermal lensing effect due to the generation of

a large thermal index gradient. When the central tem-

perature increase of the VCSEL is less than 20 K, the

end contact heating does not make a significant ther-

mal phase change in the laser medium, as the central

mean temperature along the z-axis changes around by

one degree. In this case, the thermal effect should

be dominated by pump beam heating. This mod-

elling provides useful analytical solutions for further

analysing hybrid thermal effects in VCSEL bonded

solid-state lasers.

Fig.3. Mean temperature over laser medium length as a

function of radius with different central temperatures of

the VCSEL.

4. Conclusion

The development of high power VCSELs and the

intrinsic VCSEL features of a circularly symmetric

beam profile with low divergence and planar geom-

etry have made the VCSEL a promising device as a

direct pump source for solid-state lasers by longitu-

dinally bonding to the laser medium to form a mini-

mized, on-wafer laser device. This scheme generates a

direct contact pump configuration and thus additional

end thermal coupling to the laser medium through the

joint interface of both materials in comparison with

the pump configuration of an ordinary DPSS device.

To investigate and characterize the thermal influences

from the end thermal coupling, the temperature distri-

butions in the VCSEL and the laser medium from the

end contact heating are modelled analytically by using

a top-emitting VCSEL as the pump source. Analyti-

cal solutions of the heat conduction equation for this

case are derived. The temperature distributions in the

laser medium and the VCSEL are characterized by in-

troducing relative temperature and mean temperature

expressions. The results show that end thermal cou-

pling from the VCSEL can cause abrupt temperature

variations in both radial and axial directions in the

laser medium. The high differential temperatures in

both directions within the laser medium mean that

there will be considerable thermal phase changes and

thus a thermal lensing effect, caused by the end con-

tact heating of the VCSEL. When the central temper-

ature increase of the VCSEL is less than 20 K, the end

contact heating does not make a significant thermal

phase change in the laser medium, as the central mean

temperature over the laser medium changes around by

one degree. In this case, the thermal effect should be

dominated by pump beam heating. This modelling

provides useful analytical solutions not only for fur-

ther analysis of hybrid thermal guiding effects in VC-

SEL bonded solid-state lasers, but also for analysing

other VCSEL integrated devices, in which the VC-

SELs are directly bonded to the chips.
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