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Abstract—We introduce a simple and effective heat sink struc-
ture for thin-film vertical cavity surface emitting lasers (VCSELs)
in fully embedded board level guided-wave interconnects. A 50%
quantum efficiency increase is experimentally confirmed for the
10- m thin-film VCSELs. The thermal resistance of a 1 12
embedded thin-film VCSEL array in printed circuit board (PCB)
is further analyzed. The experimental results show an excellent
match with the simulated results. The 10- m-thick VCSEL had
the lowest thermal resistance and the highest differential effi-
ciency compared to 250-, 200-, 150-, and 100-m-thick VCSELs.
A substrate removed VCSEL can be used in fully embedded board
level optical interconnects without special cooling techniques.

Index Terms—Embedded optical interconnects, PCB, substrate
removal, thermal resistance, VCSEL.

I. INTRODUCTION

T HE capability of high-speed data transfer rate is pivotal
in high performance computer systems where interchip

and board to board interconnects made from electrical trans-
mission lines are the major bottlenecks. Electrical transmission
line is inherently affected by crosstalk, skew, and reflection due
to parasitic capacitance coupling and impedance mismatch in
the bus architecture. Several optical interconnect approaches
were introduced to resolve such limitations [1]–[4]. These ap-
proaches used hybrid integration where electronic and optoelec-
tronic components were placed on the same surface of the plat-
form using guided-wave or free-space optics. The reliability of
these systems due to packaging vulnerability is a paramount
concern.

We employed fully embedded PCB level optical intercon-
nects to make the packaging reliable and robust [5]. It not only
provides process compatibility with a standard PCB process but
also reduces the footprint of the PCB by fully embedding all
optical components, such as light sources, channel waveguides,
waveguide couplers and detectors, among other electrical
interconnection layers as indicated in Fig. 1. However, in this
configuration, The VCSEL array raises thermal management
concerns because it is encapsulated with thermal insulators
such as polymer waveguides and bonding film (prepreg). Only
the common bottom metal contact of the VCSEL array can
be used as a thermal interface. The VCSEL can not operate
without proper cooling. Therefore heat management of the
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driving VCSEL array is a critical issue in the fully embedded
structure. Leeet al. reported the thermal management of a
VCSEL based optical module [6] and Rui Puet al. reported
the thermal resistance of a VCSEL bonded to an IC [7]. Both
papers presented valuable results but not applicable to our
device structure.

This paper reports simulated and experimental results of the
thermal resistance of the VCSEL, fully embedded in PCB, as a
function of the VCSEL’s thickness and determines the effective
heat sink structure.

II. FULLY EMBEDDED BOARD-LEVEL OPTOELECTRONIC

INTERCONNECTS

All optical components including VCSEL arrays, pho-
todetector arrays and planarized waveguide arrays are fully
embedded among electrical layers in the board level optical
interconnects. As a result, it simplifies the assembly steps at
the final laminating stage using standard PCB manufacturing
procedure. Generally, mil (127 to 254 m) thick copper
laminated polymer layers and 4 mils thick (100m) bonding
films are used in multi layer PCB. For the fully embedded
structure [5], thin VCSELs and photodetectors, both 10m
thick, are buried among electrical PCB layers. Each of the
electrical PCB layers distributes electrical signals as shown in
Fig. 1. Through-holes and vias are used to transport electrical
signals among electrical PCB layers and also to provide
electrical connections to VCSEL and detector arrays. In the
fully embedded structure, the entire real estate of the top and/or
bottom sides of the PCB is occupied only with microelectronic
ICs which perform the designated functions including electrical
to optical and optical to electrical [5].

III. FABRICATION OF VCSELsAND MEASUREMENT OF

THERMAL RESISTANCE

The epitaxial structure of the VCSEL array was grown
on a GaAs substrate. An etch stop layer of 100 nm thick

. As was grown and then a GaAs buffer layer,
40.5 pairs of n-DBR, three GaAs quantum wells, and 23 pairs
of p-DBR were grown. The total thickness of the epitaxial
structure is 10 m.

The formation of the thin film VCSEL arrays started with a
wet etch to make an annular shaped trench which provides iso-
lation of each device and defines the oxide confinement region.
Wet oxidation was carried out in a quartz tube furnace which

0733-8724/03$17.00 © 2003 IEEE



1532 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 6, JUNE 2003

Fig. 1. Illustration of fully embedded PCB level optical interconnects. Distance between VCSEL and detector array is up to 30 cm. Thickness of the waveguide
substrate is 127�m.

(a)

(b)

Fig. 2. (a) Four parts of a VCSEL array. (b) Top: Off view of a 10-�m-thick
VCSEL.

was held at 460 C. Spin on glass (SOG) was coated on the
entire wafer for electrical isolation and side wall sealing after-
wards. The SOG opening process was followed for p-contact
metallization. VCSEL array formation was followed by the sub-
strate removal process to form the required thickness. Devices
were first mechanically thinned down to 250m. These devices
were back etched using wet etching to reduce thickness of the
VCSELs down to ten micrometers [10], [11]. Fig. 2(a) shows
a section of the fabricated 1 12 VCSEL array and Fig. 2(b)

Fig. 3. L–I characteristics as a function of device thickness.

shows top-off view of a 10-m-thick VCSEL array after sub-
strate removal.

L–I characteristics of various thinned VCSELs are shown
in Fig. 3 where the quantum efficiency of the 10-m-thick
VCSEL is increased by 50% then the driving current is
above 9 mA. Reduced temperature of the active region due to
higher thermal conductance increases optical gain in quantum
well [12], [13]. Substrate removed VCSELs (10m thick)
also show linear dependency even at a high injection current.
The thermal resistance was calculated from the measured
wavelength shift as a function of substrate temperature and dis-
sipation power. The thermal resistance is given by

, where is the change of
junction temperature, is the change of injected power and

is the wavelength shift. Both and are
experimentally confirmed.

The device under test (DUT) was laid on the top of the gal-
lium indium eutectic metal which is used to make an electrical
contact. The substrate temperature was controlled by a thermo-
electric cooler (TEC).

The measured wavelength shift as a function of temperature
for all devices was 0.75 C. The wavelength shifts as a func-
tion of net dissipated power were 0.59, 0.54, 0.5, 0.43, 0.36
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Fig. 4. Wavelength shift as a function of net dissipated power.

mW, respectively, corresponding to 250-, 200-, 150-, 100-,
and 10- m-thick VCSELs as indicated in Fig. 4. The thermal
resistances for 250, 200, 150, 100, and 10m thick VCSELs
were measured to be 772, 710, 657, 572, and 478C W, re-
spectively. Note that the thickness of the 10-m-thick VCSEL
has an exclusive advantage of heat management due to the re-
duction of the thermal resistance shown herein.

IV. SIMULATION OF THE THERMAL RESISTANCE OF AN

EMBEDDED VCSEL IN PCB

The VCSEL is a major heat source in a fully embedded
guided-wave optical interconnect structure. The embedded
VCSEL arrays are thermally isolated by surrounding insula-
tors; therefore heat builds up and the operating temperature
increases. High operating temperature may the reduce life time
of the device and the laser output power. Reliable operation of
the VCSEL is accomplished through proper heat management.
Effective heat removal is a challenging task in the embedded
structure because we have to consider packaging compatibility
to the PCB manufacturing process while providing an effective
and simple cooling mechanism.

In this paper, we introduce an effective heat management
scheme. The n-contact metal affiliated with the bottom DBR
mirror of the VCSEL die was directly electroplated with copper
during the fabrication process. Thermally conductive paste was
not used because it has a lower thermal conductivity than copper.
Usually several tens of micrometer thick copper was deposited
in copper contained acid chemical solution during PCB process.
It can be used as a very good electrical and thermal passage si-
multaneously.

The thermal resistance of the VCSEL depends on the device
structure itself and also the packaging structure. Direct bonding
of a device using electroplating reduces thermal resistance of the
device due to the absence of low conductivity bonding epoxy.

ANSYS software was used to perform a 2-D finite element
thermal distribution analysis. The thermal conductivities of
GaAs, DBR mirror and copper are W m K,

W m K, and W m K, respectively
[8], [9]. Heat is generated due to the Bragg reflector’s resis-
tance and imperfect conversion efficiency in active region.

(a)

(b)

Fig. 5. VCSEL Cooling structures. (a) 250-�m-thick copper block or thermal
paste. (b) 30-�m-thick electroplated copper film.

However, the heat generated due to the DBR is relatively small
compared to the active region, therefore we ignored this term
in our simulation [7]. The heat generation rate in active region
(circular shape, diameter of 18m) is based on measured value
which is 20 mW per VCSEL.

We compared two different cooling structures as depicted in
Fig. 5. One is a 250-m-thick bulk copper as a conductive ma-
terial and one is a 30-m-thick electrodeposited copper film.
We chose the 30-m-thick copper film as a heat sink because
this is the thickness of the copper trace in the electrical layer
of the PCB. The copper film was directly electrodeposited on
the n-contact metal pad of the VCSEL array during the electro-
plating step. The bottom surface of the copper block is main-
tained at 25 C.

The simulation results are shown in Fig. 6. Fig. 6(a) is the
generated mesh profile. For the 250m thick copper heat sink
block, the temperature at the active region reached 39.4C cor-
responding to a thermal resistance of 722 K/W [see Fig.6 (b)].
For the case of a 30-m-thick electrodeposited copper film heat
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(a)

(b)

(c)

Fig. 6. Two-dimensional (2-D) finite-element analysis results. (a) Generated
mesh; (b) 250-�m-thick copper block, 250-�m-thick VCSEL,� = 39:4 C;
(c) 30�m electroplated copper film, 10-�m-thick VCSEL,� = 34:6 C.

sink, the junction temperature reached 34.58C as in Fig. 6(c)
corresponding to thermal resistance of 455 K/W. The higher
junction temperature reduces the quantum efficiency and causes
catastrophic failure of the device. Despite of lower thermal resis-
tance of the 250-m-thick copper heat sink block, this structure
is not realistic in a fully embedded structure due to difficulty in
producing this thickness.

The measured and calculated thermal resistances of the
devices are summarized in Fig. 7(a) and (b). As shown in
Fig. 7(a), the calculated thermal resistances of the devices
are well matched with the measured results. According to this

(a)

(b)

Fig. 7. (a) Measured device thermal resistances as a function of device
thickness. (b) Calculated thermal resistances as a function of device thickness
for a buried VCSEL with a 30-�m-thick electroplated Cu-film heat sink.

result, the simulation model and process were properly carried
out. Fig. 7(b) shows theoretically determined thermal resistances
for VCSELs with various thicknesses. For a 30-m-thick elec-
troplated copper film, the junction temperatures were theoreti-
cally determined to be 43.8, 43, 42.2, 41.5, 40.2 and 34.6C for
250-, 200-, 150-, 100-, 50-, and 10-m-thick VCSEL, respec-
tively. The substrate removed VCSEL having a total thickness
of 10 m shows superior optical and thermal characteristics.

V. SUMMARY

The thermal resistance of a fully embedded VCSEL in a board
level optical interconnect has been calculated using a two-di-
mensional finite-element method and validated by comparing
with measured thermal resistance values. Directly electroplated
copper film was verified as a simple and effective heat sink in
the fully embedded structure. The substrate removed VCSEL
had the lowest thermal resistance and the best quantum effi-
ciency when compared with the thicker ones out of the same
wafer. Employing thin VCSELs in embedded optical intercon-
nects provides a simple packaging strategy and solves thermal
related issue.
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