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Abstract
Thin film p-side up vertical-cavity surface-emitting lasers (VCSELs) with 940 nm wavelength on a composite metal (Copper/
Invar/Copper; CIC) substrate has been demonstrated by twice-bonding transfer and substrate removing techniques. The CIC 
substrate is a sandwich structure with a 10 µm thick Copper (Cu) layer/30 µm thick Invar layer/10 µm thick Cu layer. The 
Invar layer was composed of Iron (Fe) and Nickel (Ni) with a proportion of 70:30. The thermal expansion coefficient of the 
composite CIC metal can match that of the GaAs substrate. It results that the VCSEL layers can be successfully transferred 
to CIC metal substrate without cracking. At 1 mA current, the top-emitting VCSEL/GaAs and thin-film VCSEL/CIC had 
a voltage of 1.39 and 1.37 V, respectively. The optical output powers of VCSEL/GaAs and VCSEL/CIC were 21.91 and 
24.40 mW, respectively. The 50 µm thick CIC substrate can play a good heat dissipation function, which results in improving 
the electrical and optical characteristics of thin film VCSELs/CIC. The VCSEL/CIC exhibited a superior thermal manage-
ment capability as compared with VCSEL/GaAs. The obtained data suggested that VCSELs on a composite metal substrate 
not only affected significantly the characteristics of thin film VCSEL, but also improved considerably the device thermal 
performance.

Keywords  Thin film · VCSELs · GaAs substrate · Composite metal · CIC substrate · Twice-bonding transfer · Electrical 
properties · Heat dissipation

1  Introduction

Demand for vertical-cavity surface-emitting lasers 
(VCSELs) has grown rapidly as a result of the cutting-edge 
applications based on VCSELs. It can be used in diverse 
consumer applications, including sensors, laser printers, 
and laser mice, in addition to serving as the light source in 
optical interconnect (OI) networks using multimode optical 
fibers [1–6]. VCSELs are a remarkable light source that are 
highly-preferred for use in optical data links due to their high 
modulation speed and low-power consumption at low thresh-
old current, as well as a high circular optical beam quality 
that facilitates efficient optical coupling with other systems. 
These characteristics are in response to the requirement for 
high-speed data communication networks [7–10].

Typically, the epilayer structures for 850–940  nm 
VCSELs are grown on GaAs substrates. However, the 
theoretical thermal conductivity of GaAs substrates is only 
about 55 W/(m·K) [11–13], which could limit the VCSEL 
to be operated under high power. In corresponding, Copper-
Invar-Copper (CIC) substrate has a high theoretical thermal 
conductivity of approximately 90–170 W/(m·K) [14–16]. 
Different studies have reported that thermal conductivity of 
this metal composite depends enormously on the Copper-
Invar proportion [17, 18]. Obviously, the thermal conduc-
tivity of GaAs substrate is lower than that of CIC substrate. 
The optics transceiver modules (VCSELs with photodiodes) 
must be packaged as close to the electronic integrated cir-
cuits (ICs), which also generate a significant amount of heat 
during high-speed operations, making sustained high-speed 
performance of VCSELs under high-temperature operations 
a significant challenge [1, 19–21].

High-power VCSELs can only be secured to a certain 
limit, however, because of thermal resistance caused on by 
the greatly elevated temperature around the active layers 
at higher injection current [22–24], the device properties 
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including the threshold current, voltage, output power, 
and emission spectrum are adversely affected [22, 25]. In 
addition, the self-heating impact shortens the operational 
lifetime of VCSEL, as a rise in temperature is able to ease 
the kinetic mobility and the development of dislocations, 
which in turn causes device aging and instability in the 
VCSEL reliability [22, 26, 27]. Many attempts have been 
made to transfer thin-film VCSELs onto heatsinks with 
the removal of the GaAs substrate in order to overcome 
this problem, which has improved the thermal properties 
of VCSELs [22, 28–33]. In general, Si substrate was used 
to replace GaAs and can play a good heat conductivity. In 
this work, CIC not only play well thermal conductivity, but 
also contribute to simple processing due to thin CIC and 
metal substrate [34].

The CIC substrate has already been proposed and fab-
ricated based on the aforementioned studies [34–37]. The 
CIC substrate has a top and bottom Copper (Cu) layer with 
10 μm thickness and a middle 30 μm thick Invar layer. The 
Invar layer was composed of Iron (Fe) and nickel (Ni) with 
a proportion of 70:30. The coefficient of thermal expan-
sion (CTE) of the composite CIC metal can match that of 
the GaAs substrate. It results that the VCSEL layers can 
be successfully transferred to CIC metal substrate without 
cracking. Additionally, the CIC thickness is just 50 μm, 
which could result in high heat dissipation because thermal 

resistance is correlated with substrate thickness. This study 
effectively transferred a VCSEL epilayer from a GaAs sub-
strate to the CIC substrate and the properties of VCSEL/
GaAs and VCSEL/CIC were compared.

2 � Experimental section

2.1 � Device fabrication

VCSEL epitaxial structure was grown by metal–organic 
chemical vapor deposition (MOCVD), which consisted 
of a 625 μm thick GaAs substrate, an GaInP etching stop 
layer with 200 nm thickness, a n+-doped GaAs contact 
layer, 5.8  μm thick n-type diffraction Bragg reflectors 
(DBRs), a 350 nm thick active layer, a 25 nm thick oxide 
layer, a 3.2 μm thick p-type DBRs, a 10 nm thick p+-doped 
GaAs contact layer, as illustrated in Fig. 1a. First, Au/Pt/
Ti (100/50/15 nm) metals were deposited on the highly 
p+-doped GaAs contact layer as p-electrode. After that, the 
SiN layer with 0.5 μm thickness was grown using a plasma-
enhanced chemical vapor deposition (PECVD) system as a 
hard mask. Then, the SiN layer and epilayers were etched to 
exposure the oxide layer. Selective oxidation of AlxGa1−xAs 
with high Al concentrations was used to define the 8 μm 
oxide-confined aperture size of each VCSEL (It means the 
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Fig. 1   VCSEL device transfer procedure onto CIC substrate by double wafer bonding techniques and transfer technologies
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diameter of the active area was 8 μm) and the oxidation pro-
cess was carried out at 430 °C for 30 min. After, the 1 μm 
thick SiN later was deposited for passivation, then the emis-
sion area and p-metal electrode were exposed. Subsequently, 
the outside pad metal (Ti/Al) was deposited for connecting 
to the p-metal electrodes, shown in Fig. 1b. After finished 
the p-side up VCSEL process, the epiwafer was divided into 
two parts. One part was deposited the backside metal Au/
Ge on GaAs substrate. The other part was transferred to CIC 
substrate and described as following.

In order to obtain the thin film VCSEL/CIC sample, the 
emission side of finished VCSEL device was temporarily 
bonded on sapphire substrate by adhesive layer, shown in 
Fig. 1c. The GaAs substrate for the VCSEL epilayer growth 
was removed to etching stop at GaInP layer using a wet etch-
ant of NH4OH:H2O2, shown in Fig. 1d. Noted that the GaInP 
with 200 nm thickness was used to be the etching stop layer. 
There existed a high etching selectivity of NH4OH:H2O2 to 
etching GaAs substrate and stop at the GaInP layer. After 
the GaAs substrate removing, the epilayer was etched to stop 
at the GaInP, which presented the bright red color, due to 
the high chemical selectivity. Further removing the GaInP, 
the color of epilayer will change to dark red color due to 
n+-GaAs absorbing the visible light. The changed color can 
be used to judge whether etching stop layer etched away or 
not and also ensure the contact metal being deposited on 
n+-GaAs. This technology has well applied to transfer the 
red AlGaInP/GaAs to n-side up AlGaInP/mirror/Si substrate 
[37]. After etching away the etching stop layer, AuGe and 
indium metals were deposited for contact with n+-GaAs and 
bonding with CIC [33]. Acetone (ACE) and diluted hydro-
chloric acid (HCl) were used to clean the CIC substrate in 
order to achieve strong adhesion on the surface. After clean-
ing, the bonding metal indium with a 2 μm thickness was 
deposited. The In/AuGe/VCSEL device/adhesive on sap-
phire or glass and In/CIC substrate was bonded at 300 °C 
under the pressure of 48 N/cm2 for 3600 s [38], as shown 
in Fig. 1e. Following that, the entire VCSEL device was 
successfully transferred onto the composite metal substrate 
with 50 µm after the removal of the temporary substrate and 
adhesive, as illustrated in Fig. 1f. It was worthy to mention 
that because the CIC is metal and was directly contact to 
n-metal by In bonding metal, the CIC can be regarded n 
Ohmic contact layer. Note that the GaAs substrate cannot be 
thinned to 50 µm thickness due to its brittle property. Nev-
ertheless, the GaAs substrate of the other samples VCSEL 
on GaAs substrate was thinned to 150 µm for comparison.

2.2 � Characterizations

This work involved the fabrication of VCSELs on GaAs 
substrate with 150-µm thickness and VCSELs on CIC sub-
strate with 50-µm thickness using twice wafer bonding, 

epilayer transferring, and thermal oxidation technologies. 
A semiconductor parameter analyzer (Agilent 4155B) was 
employed to measure the voltage-current characteristics of 
the VCSELs with CIC and GaAs substrates. Output power 
and wavelength properties were obtained using an integrated 
sphere detector (CAS 140B, Instrument Systems). Thermal 
properties of the substrates were measured utilizing a ther-
mal constant analyzer (TPS 2500S, Hot Disk, Sweden) at 
room temperature and at increased temperatures. The linear 
coefficient of thermal expansion of the samples was deter-
mined employing a thermal mechanical analyzer (TMA 
Q400, TA instruments, USA), the specimens were heated 
in an analyzer furnace under nitrogen atmosphere at a ramp 
rate of 5 °C/min from room temperature to 130 °C. Prior 
to packaging, infrared thermography equipment (Advanced 
Thermo TVS-500EX, Avio, Japan) was used to measure the 
surface temperature distribution and thermal transfer ability 
of the VCSEL devices on the GaAs and CIC substrates [39].

3 � Results and discussion

3.1 � Thermal properties of GaAs and CIC substrates

First, it is important to evaluate the thermal properties of 
the CIC substrate as compared with those of GaAs substrate 
as shown in Fig. 2. As observed in Fig. 2a, CIC substrate 
exhibits a thermal conductivity of 160 W/(m·K) at room 
temperature, which is about 3.1 times of that (51.1 W/(m·K)) 
of the GaAs substrate. This result is ascribed to the inherent 
characteristics of the Cu material [40, 41], one of the indi-
vidual components of the composite metal substrate, which 
provides high thermal conductivity on the CIC substrate. 
In addition, thermal conductivity tends to decrease with 
increased temperature on metals, for this reason the thermal 
conductivity of both substrates was measured at 80 °C, the 
CIC substrate presented a thermal conductivity of (157.1 W/
(m·K)), while GaAs substrate showed a thermal conductivity 
of (49.49 W/(m·K)). There existed 1.8% and 3.1% reduc-
ing thermal conductivity for the CIC and GaAs substrates, 
respectively. Even with the decrease of thermal conductiv-
ity due to the increase of ambient temperature, the thermal 
conductivity of CIC substrate is still superior than that of 
GaAs substrate, which indicates that substrates made of CIC 
materials can effectively play thermal dissipation at intense 
temperature during device operation. Figure 2b showed the 
thermal diffusivity as function of temperature for the GaAs 
and CIC substrates. The thermal diffusivity decreased as 
the temperature increased for both substrates. The thermal 
diffusivity of CIC substrate was higher than that of GaAs 
substrate. Figure 2c presented the specific heat capacity of 
GaAs and CIC substrates. The specific heat capacity of CIC 
and GaAs substrate was 450 and 360 J/(kg·K), respectively. 
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The specific heat capacity is defined as the quality of heat 
absorbed or dissipated per unit mass of the material as its 
temperature increases or decreases. Obviously, CIC can 
absorb and dissipate the heat much quicker than GaAs does. 
Furthermore, one of the crucial elements for the VCSEL 
wafer bonding and epilayer transferring applications was 
the CTE of the CIC substrate. As illustrated in Fig. 2d, the 
CTE of GaAs substrate was 5.71 ppm/°C and the CTE of 
CIC substrate was 6.1 ppm/°C. Although the Cu material 
possesses a little bigger thermal expansion in relation to the 
GaAs substrate, both the CTE of GaAs and CIC materials 
were almost matched, which resulted from the Invar mate-
rial intrinsic properties of the composite metal substrate. 
This contributed to the VCSEL epilayer transferring to CIC 
substrate without cracking.

3.2 � Optoelectronic characteristics of VCSEL/GaAs 
and VCSEL/CIC devices

In this study, the VCSEL epilayer can be successfully trans-
ferred to CIC substrate by twice wafer bonding and GaAs 
substrate removing. The most significant concern was 
VCSEL performance when the epilayer was transferred 
from the GaAs substrate to the CIC substrate, therefore, 

several essential electrical properties for the application 
were analyzed, as presented in Fig. 3. Figure 3a compares 
the characteristics of current as a function of voltage for both 
the VCSEL/GaAs and VCSEL/CIC. It was found that the 
cut-in voltage was almost the same (about 1.25 V) for both 
VCSELs. After turning on the VCSELs, the dynamic resist-
ances (@ 10 mA) for VCSEL on GaAs and CIC substrates 
were 175 and 190 Ω, respectively. As applying an injection 
current of 1 mA, the VCSEL/CIC presented a forward volt-
age of (1.37 V), which is slightly lower as compared with 
that of the VCSEL/GaAs (1.39 V). Obviously, the VCSEL/
CIC device presented improved electrical characteristics. 
Based on the above results, VCSEL devices on a CIC sub-
strate possessed superior electrical characteristics owing to 
the inherent properties of the composite metal substrate, 
such as, high thermal conductivity and thinner thickness 
as compared with those of the GaAs substrate. The typical 
spectrum of VCSEL on CIC injected by 30 mA was shown 
in the inset of Fig. 3a. Obviously, the spectrum of VCSEL/
CIC presented a narrow distribution, which proved the suc-
cessful fabrication of a VCSEL device.

The output power and electro-optic efficiency for the 
optoelectronic performance of the VCSEL/GaAs and 
VCSEL/CIC were measured as a function of increase 
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in current, and displayed in Fig. 3b. There existed two 
regions in the output power-current curves. One was linear 
region and the other was nonlinear region. It was found 
that linear region of VCSEL with CIC substrate can be 
operated at higher injection current (9.5 mA) as com-
pared with that of VCSEL with GaAs substrate (7.5 mA). 
Moreover, the output power of VCSEL/GaAs and VCSEL/
CIC exhibited a saturation at 33 mA, then dropped after 
33 mA. The VCSEL/GaAs and VCSEL/CIC devices have 
maximum output powers of around 21.91 and 24.40 mW, 
respectively. It contributed to 11% output power increasing 
for the VCSEL/CIC than that of VCSEL/GaAs. Noted that 
the output powers were almost the same for both devices 
as the injection current was below 4 mA. It indicated 
the self-heating occurred after 4 mA injection current. 

Furthermore, it was found that the electro-optic efficiency 
of VCSEL/CIC was superior than that of VCSEL/GaAs, 
for example, the peak electro-optic efficiency (68%, @ 
8 mA) of VCSEL/CIC was slightly higher than (67%, @ 
7 mA) that of VCSEL/GaAs.

The wavelength characteristics of both the VCSEL/GaAs 
and VCSEL/CIC versus a function of the forward current 
were shown in Fig. 3c. The VCSEL/GaAs wavelength red-
shifted approximately from 932.74 to 938.98 nm, while 
the VCSEL/CIC wavelength red-shifted approximately 
from 939.84 to 944.83 nm as the injection current was 1 
to 40 mA. Its wavelength variations are 0.16 and 0.12 nm/
mA, respectively. Because the CIC can provide a good ther-
mal dissipation, it resulted in the VCSEL/CIC presented the 
less wavelength variation. It was worthy to mention that the 
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initial wavelength of VCSEL/CIC was about 940 nm, which 
was longer than that of VCSEL/GaAs. It could be resulted 
from the stress released after the GaAs substrate removing.

The results indicate that VCSEL devices on CIC com-
posite metal substrates significantly improve the thermally 
driven spectral detuning throughout the gain region and cav-
ity [42–46]. According to the literature, the gain peak wave-
length possesses a strong dependence on temperature mostly 
because of bandgap shrinkage with increase of internal oper-
ating temperature. This effect leads to the gain peak and 
operating wavelength shifting at various rates as a function 
of temperature, which is known as cavity resonance detun-
ing. Since the VCSEL devices are designed for operation at 
a specific wavelength, temperatures variations might lead to 
a reduction of the maximum operating power and hasten the 
rollover effect. Moreover, the power dissipated in the laser 
is the main driving force of the unsought internal tempera-
ture accumulation, causing reflectivity shifts in DBRs. The 
variation in reflectivity generates a disturbance on the ideal 
device performance conditions, thus, more power begins to 
be transfer into heat, instead of being absorbed in the active 
region. As a result, decreasing the temperature created by 
the internal self-heating of the VCSEL is vital for the device 
application.

As noticed from the previous discussion, since the wave-
length variation is correlated with the increase of the internal 
temperature during operation of the device, it is essential to 
evaluate the junction temperature of the VCSEL/GaAs and 
VCSEL/CIC. According to the literature [47–50], there are 
several methods to obtain directly or indirectly the junc-
tion temperature of photonic devices. Figure 3d exhibits the 
junction temperature as a function of injection current for 
both the VCSEL/GaAs and VCSEL/CIC devices. Since the 
wavelength variation of both types of VCSEL devices as a 
function of increased current during operation was meas-
ured experimentally, as presented in Fig. 3c, the junction 
temperature Tj dependence of the wavelength variation can 
be described by the equation below:

where T0 is the reference atmospheric temperature, λ1 is the 
peak wavelength of the VCSEL at the reference current for 
the test condition, λ0 is the reference peak wavelength at the 
reference current and temperature and Rλ equals the VCSEL 
wavelength temperature coefficient, which is a well-known 
characterized physical value, determined by the VCSEL las-
ing wavelength and it is mainly independent of the VCSEL 
aperture area and epitaxial design. For VCSELs operating 
at a wavelength of 940 nm, Rλ is 0.066 nm/°C. It was found 
that the VCSEL/GaAs and VCSEL/CIC exhibited junc-
tion temperatures of approximately 94.55 °C and 75.61 °C 

Tj = T0 +
(�1 − �0)

R
�

,

under 40-mA injection current, respectively. Furthermore, 
the junction temperature rate of the VCSEL/CIC by 1.93 °C/
mA is lower as compared with that of the VCSEL/GaAs 
by 2.36 °C/mA. It implies that the heat dissipation of the 
VCSEL/CIC is better than that of the VCSEL/GaAs.

From the above discussion, it was determined that the 
VCSEL/CIC has superior laser characteristics, owing to the 
outstanding thermal properties of the CIC metal composite 
material, meaning that the CIC substrate is able to success-
fully prevent the laser device from a severe heat accumu-
lation due to self-heating, which leads to a smaller wave-
length shift as compared with VCSEL/GaAs, obtaining an 
improved device performance, making the VCSEL/CIC a 
quite promising photonic devices with high-power that are 
efficient under temperature variations.

3.3 � Thermal performance of VCSEL/GaAs 
and VCSEL/CIC devices at steady state

Prior to packaging, the temperature distribution across the 
surfaces of the VCSEL/GaAs and VCSEL/CIC substrates 
were evaluated. First, all specimens were maintained under 
room temperature for 30 min to ensure the experimental 
system has reached the condition of thermal equilibrium. 
Subsequently, an injection current of 30 mA was applied to 
the VCSELs for a period of 60 s and finally the maximum 
and minimum surface temperature of the devices was deter-
mined for both heating (current applied into the device) and 
cooling (without current applied into the device) operation 
times, respectively.

Figure 4 shows the temperature distribution across the 
surface of VCSEL/GaAs and VCSEL/CIC during heating 
and cooling times. The VCSEL/GaAs and VCSEL/CIC had 
maximum temperatures of 33.8 °C and 27.8 °C, respectively, 
as shown in Fig. 4a, c and minimum temperatures of 26.3 °C 
and 26.5 °C, respectively, as presented in Fig. 4b, d. The 
above results suggested that the thermal management abil-
ity of VCSEL/CIC was superior as compared with that of 
VCSEL/GaAs, owing to the CIC substrate with high ther-
mal conductivity. Moreover, the thinner thickness of CIC 
substrate also has an impact in the faster heat dissipation by 
reducing the thermal resistance between the material layers.

3.4 � Thermal management capability of VCSEL/GaAs 
and VCSEL/CIC devices

To assess the thermal-transfer ability of the VCSELs with 
GaAs and CIC substrates, the surface temperature variations 
as function of time during heating and cooling of the VCSEL 
devices were recorded simultaneously when performing 
the measurements of the surface temperature distribution 



Frontiers of Optoelectronics           (2023) 16:32 	

1 3

Page 7 of 11     32 

throughout the VCSELs [51–54], as illustrated in Fig. 5. The 
VCSEL devices in this study were evaluated using the fol-
lowing procedure. The temperature–time variation during 
heating process, all samples were maintained at 25 °C of 
atmospheric temperature for 60 s to ensure that the experi-
mental conditions were even and later an injection current 
of 30 mA was applied to heat the samples; for the tempera-
ture–time variation during cooling process, all specimens 
were kept with an injection current of 30 mA for 60 s to 

maintain the VCSEL devices at their maximum operating 
temperature and thereafter the aforementioned current was 
turned off to enable the samples to cool down.

According to the results shown in Fig. 5a, both VCSEL/
GaAs and VCSEL/CIC presented a very fast thermal con-
duction ability from the starting point of the test. For exam-
ple, after heating the samples for 2 s, the temperature of the 
VCSEL/CIC was approximately 27.8 °C and almost main-
tained constant, which is significantly lower than that of the 

Fig. 4   Distribution of temperature of the VCSEL device surface with a GaAs substrate during heating; b GaAs substrate during cooling; c CIC 
substrate during heating; and d CIC substrate during cooling
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VCSEL/GaAs (32.9 °C @ 2 s). In contrast, the temperature 
of the VCSEL/GaAs increased from 26.5 °C to saturated 
temperature 33.8 °C took about 4 s. The saturation tempera-
ture (27.8 °C) of VCSEL with CIC substrate was obviously 
lower than that (33.8 °C) of VCSEL with GaAs substrates. 
Furthermore, after cooling the specimens for 2 s, the tem-
perature of the VCSEL/CIC reached around (26.5 °C), which 
is slightly lower than that of the VCSEL/GaAs (26.8 °C), 
as shown in Fig. 5b. Moreover, although both VCSEL/
GaAs and VCSEL/CIC exhibited very similar surface tem-
perature during the cooling operation, it is noteworthy that 
their heat dissipation time was quite different; for instance, 
the VCSEL/CIC reached the surface temperature (26.5 °C) 
in approximately 1.5 s, while the VCSEL/GaAs presented 
the aforementioned temperature in approximately 2.7 s. 
These results indicate that the VCSEL/CIC device shows 
a much larger heat sinking potential as compared with that 
of VCSEL/GaAs, which was attributed to the higher ther-
mal conductivity, thermal diffusivity and heat capacity of 
the CIC composite metal substrate. The obtained surface 
temperature behaviors of VCSEL/CIC and VCSEL/GaAs 
were consistent with the thermal characteristics discussed in 
Fig. 2. As a result, it derived a more rapid thermal-transfer 
response. As observed by the outstanding thermal manage-
ment capabilities, the VCSEL/CIC possess remarkable heat 
transfer ability, making them promising next-generation 
VCSELs with high-power and high-efficiency that are effec-
tive at temperature variations throughout device operation.

In addition, COMSOL software was employed for further 
understanding and comparation with the experimental results 

obtained in this study [1], as illustrated in the Fig. 6. An 
atmospheric temperature of 25 °C was utilized. The VCSEL 
device was taken into account as a heat source where released 
heat energy at a rate of 2.4 × 108 W/m2 generated by the power 
dissipated in the laser with an aperture area of 8 μm, later heat 
conducted to GaAs substrate with thickness of 150 μm and 
surface area of 200 μm × 200 μm. As observed in Fig. 6a, b, 
maximum surface temperatures of 37.3 °C and 28.8 °C were 
obtained for the VCSEL/GaAs and VCSEL/CIC, respectively. 
The aforementioned results indicates that the heat dissipation 
of VCSEL/CIC was superior than that of VCSEL/GaAs, as 
a result of the CIC substrate with high thermal conductivity, 
additionally, it was observed that the simulation results were 
consistent with the experimental results shown in Fig. 4.

4 � Conclusion

The p-side up VCSEL epilayers with 940 nm wavelength and 
150-μm-thick GaAs substrate can be successfully transferred 
to CIC substrate without cracking by double wafer bond-
ing technology. It was attributed to the CTE of CIC being 
matched to that of GaAs substrate. Based on the obtained 
results, the VCSEL with 50-μm-thick CIC substrate exhib-
ited improved optoelectronic properties and the wavelength 
variation was less than that of VCSEL/GaAs. They were 
ascribed that the inherent thermal properties of the CIC sub-
strate provided a more rapid heat-conduction response and 
also to the thinner thickness, which contributes to reducing 
the thermal resistance from the device to the heat sink.

(a)

Max. surface temp.: 37.3 °C

VCSEL area VCSEL area

 Temp./°C

37.3

(b)

Max. surface temp.: 28.8 °C

Temp./°C

28.8

28.5

28.0

27.5

27.0

26.5

26.0

25.5

25.0

24.9

36

34

32

30

28

26

25.3

GaAs substrate

area

Heat sink

GaAs: 150 μm

VCSEL

Heat sink

ClC: 50 μm

VCSEL
CIC substrate

area

Fig. 6   COMSOL simulation results for thermal dissipation from the specimens at steady state for a VCSEL/GaAs; and b VCSEL/CIC devices
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