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Abstract 

A thermal resistance characterization of semiconductor quantum-well heterolasers in the AlGaInAs–AlGaAs 
system (λst ≈ 0.8 µm), GaSb-based laser diodes (λst ≈ 2 µm), and power GaN light-emitting diodes (visible 
spectral region) was performed. The characterization consists in investigations of transient electrical processes in 
the diode sources under heating by direct current. The time dependence of the heating temperature of the active 
region of a source ∆T(t), calculated from direct bias change, is analyzed using a thermal RTCT equivalent circuit 
(the Foster and Cauer models), where RT is the thermal resistance and CT is the heat capacity of the source 
elements and external heat sink. By the developed method, thermal resistances of internal elements of the 
heterolasers and light-emitting diodes are determined. The dominant contribution of a die attach layer to the 
internal thermal resistance of both heterolaser sources and light-emitting diodes is observed. Based on the 
performed thermal characterization, the dependence of the optical power efficiency on current for the laser 
diodes is determined. 
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1. Introduction  

Heterostructure lasers and nowadays light-emitting diodes (LEDs) are widely applied in 
the photonic industry and particularly in metrology. To assure the required semiconductor 
source lifetime, quantum efficiency, power and emission spectrum, the diode junction 
temperature must be controlled [1, 2]. Thermal resistance of the sources characterizes the 
effectiveness of heat transfer from the crystals to ambient. It is one of major factors 
determining the operation of radiative semiconductor devices [3]. The increased temperature 
of the diode active region results in accelerated degradation, deterioration of their 
characteristics and failures.  

In the work, the structure of internal thermal resistance RT of power quantum-well (QW) 
heterostructure lasers in the AlGaInAs–AlGaAs system is determined. Such semiconductor 
radiators serve as pump sources of solid-state lasers and waveguide amplifiers [4, 5]. Thermal 
resistance characterization is also applied to QW heterostructure lasers in the GaInAsSb–
AlGaAsSb system, which emit at the wavelengths near 2 µm. Laser diodes of this spectral 
range are needed for high sensitivity gas analysis and environmental monitoring [6, 7]. 
Thermal parameters and the resistance structure of commercially available high-intensity GaN 
LEDs emitting visible light were also investigated. The determination of the thermal 
parameters gives a possibility to optimize the design of semiconductor sources. In addition, 
the obtained results are useful for generation of thermal models for SPICE simulation tasks 
and to study the efficiency, stability and package quality of diode sources.  
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2. Experimental  
 

Heterolasers in the AlGaInAs–AlGaAs system (λst ≈ 0.8 µm, output power up to 1 W in 
CW and to 2 W in pulsed regime), laser diodes in the GaInAsSb–AlGaAsSb system 
(λst ≈ 2 µm) and power GaN LEDs (Lumileds, 3 W) were investigated. The active region of 
the AlGaInAs–AlGaAs heterolasers includes the AlGaInAs QWs (10 nm width) and the 
AlxGa1-xAs waveguide layers (0.15 µm width, x = 0.3÷0.6). The active region layers are 
nominally undoped. Spectral, threshold, and output power versus current characteristics and 
internal parameters of separate lasing elements and bars with similar structure were 
investigated in [8, 9]. The active region of the GaInAsSb–AlGaAsSb heterolasers consists of 
three QWs (10 nm width) and a waveguide region (0.8 µm width).  

The method of thermal characterization of diode sources is based on investigation of 
transient processes under self-heating by direct current [10, 11]. The time dependence of the 
heating temperature of the device active region ∆T(t) (time resolution is of 2 µs) is calculated 
from the direct bias measured by an A/D converter (16-bit resolution) under a unit-step 
current pulse [12]. Temperature sensitive parameters of the investigated devices have been 
determined previously. In particular, changes in the forward voltage versus temperature 
provide values of the so-called K-factor of a diode source [13]. Note that the measurements at 
various pump currents of the heterolasers were carried out in time intervals corresponding to 
overheating of their active regions less than 20 K. The ∆T(t) function contains the information 
on heat paths through various elements of a diode source, i.e., from the device crystal over the 
die attach layer to heat sink and ambient [12].  

 
3. Theoretical background  
 

The dependence ∆T(t) has been analyzed using (analogically to electric circuits) equivalent 
thermal ladder RTCT circuits of the Foster and Cauer types, where RT corresponds to the 
thermal resistance and CT is the heat capacity of elements of the internal device structure and 
external heat sink. The mathematical form of ∆T(t) dependence is most simple for the Foster 
circuit presentation, i.e.:  

( ) 1 expT Ti
i i

t
T t P R

  
∆ = − −   τ  
∑ .        (1) 

 

Here PT is the power dissipated by the device, RTi is the thermal resistance of the i-th 
element, τi is the heat time constant for the i-th element of the source. The heat flux PT is 
related to the electric power P according to the relation PT = (1–η)P, where η is the power 
efficiency of the diode source.  

After derivation of (1) we construct a special function RT
*(τ*), i.e.: 

 

* *
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i i i
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 τ ττ = − τ τ 

∑ .      (2) 

 

Using this formula and the measured ∆T(t) dependence, values of RTi and τi can be 
obtained [12]. The suggested method differs from the well-known formalism of the time-
constant spectrum determination [14, 15]. The maxima of the function RT

*(τ*) give the 
thermal resistance values for the device elements RTi, as well as their positions τ* on the time 
scale corresponding to the time constants τi = RTiCTi [12]. As far as the Foster circuit with 
heat capacities in series is an appropriate description, the real device construction can be 
recalculated to the more complex Cauer circuit (Fig. 1). Corresponding parameters RTi and CTi 
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in the Foster-type circuits are transformed into the Cauer network thermal parameters '
TiR  and 

'
TiC , which have more physical behavior [16]. Modified thermal models are required to 

include a parallel heat and light transport [17].  
 

   a)                                                                                         b) 

          
 

Fig. 1. Thermal equivalent circuits of a) Forster and b) Cauer types. 
 
4. Results and discussion  
 

As an example, the identified set of thermal resistance elements of the AlGaInAs–AlGaAs 
heterolaser 53-EZ-1 is shown in Fig. 2. In the function RT

*(τ*), a dominant peak near 
τ* ≈ 1÷3 ms corresponding to the die attach layer is established. This peak corresponds 
mainly to the internal thermal resistance of the heterolaser (from laser crystal to copper plate).  
Significant scatter of thermal resistances (1.3–5.0 K/W) of die attach layers for this type of 
lasers has been observed.  

 

 
 

Fig. 2. Function RT
*(τ*) and thermal resistance element identification for heterolaser 53-EZ-1. 

 
Moreover, the dependence of optical output power efficiency η of heterolasers on current I 

can be determined from the analysis of heating temperature ∆T(t), using the assumption that 
the values of thermal resistances do not change with pump current. It follows that the laser 
power efficiency can be defined without optical measurements. The dependences of laser 
efficiencies versus pump current, obtained by this method, are shown in Fig. 3. As seen, the 
efficiency of the examined QW heterolasers at pump currents of 3 A reaches up to ≈ 40±5 %. 

It is necessary to mention the quite good correlation between efficiencies of laser 204-ET-
2, determined from thermal and optical measurements. The small difference can be explained 
by the fact that the integrated emission of the laser diode (both stimulated and spontaneous 
ones) is included in thermal measurements. The power efficiency of heterolasers is strongly 
dependent on pump current but changes slightly with the temperature rise of the laser active 
region (∆T < 20 K) resulting from self-heating (Fig. 4).  
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Degradation of heterolaser 35-EZ-1 and a decrease of its efficiency down to ≈ 5 % were 
observed during the measurements (Fig. 3). The output spectra of the degraded laser diode did 
not display stimulated emission radiation behavior and were similar to characteristics in the 
spontaneous emission regime. At the same time, the thermal resistance function as well as the 
current versus voltage (I–V) characteristic did not change. So, the most probable reason of the 
degradation is destruction of the facets of the Fabry-Pérot resonator. 

 

 
 

Fig. 3. Efficiency of heterolasers (1, 2) 204-ET-2 and (3, 4) 35-EZ-1 versus current η(I), (1, 3,) thermal 
measurements, (2) optical data, (4) after degradation. 

 
 

 
 

Fig. 4. Efficiencies of heterolasers (1, 3) 204-ET-2 and (2, 4) 35-EZ-1 versus self-heating temperature rise η(∆T) 
at different pump currents. 

 
The thermal resistance functions of two GaInAsSb–AlGaAsSb heterolasers are shown in 

Fig. 5. The dominant peaks related to attachment of laser chips to copper plates as well as a 
large difference between the quality of attachment are clearly seen in the spectra. It should be 
noted that both GaSb-based lasers have large enough series resistances (≈ 14 Ω), as follows 
from pulsed I–V characteristics.  
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    Fig. 5. Functions RT
*(τ*) for two GaInAsSb–AlGaAsSb heterolasers, (1) λst = 2.35 µm, (2) λst = 2.12 µm. 

 
The optical power efficiency versus pump current η(I) for the long-wavelength GaInAsSb–

AlGaAsSb laser (λst = 2.35 µm) above the threshold (≈ 25 mA) is presented in Fig. 6. 
Curve 1, which demonstrates a low value of the laser efficiency (< 10 %), can be explained by 
the large value of Joule heat generated by the  series resistance of the laser. Curve 2 presents 
the same dependence when the heat losses in the series resistance are excluded from electric 
power. It indicates a possible high efficiency quantity (up to 37 %) that is close to the values 
for the AlGaInAs–AlGaAs QW heterolasers. 

 

 
 

Fig. 6. Efficiency η(I) of the heterolaser (λst = 2.35 µm) determined from thermal measurements  
(curves 1 and 2). 

 
In addition, Fig. 7 shows the thermal resistance functions for two commercially available 

high-intensity GaN LEDs mounted on an aluminium metal core (MC) PCB plate and heat 
sink. The regions related to the die attach to a slug are clearly observed in the spectra. A large 
contribution of die attach layers into the internal thermal resistance of LEDs is similar to 
observation for heterolasers. As seen, for device LIIIP2JB (star) the use of a thermal interface 
material between the slug and MC PCB provides a low thermal resistance (curve 1). In Fig. 7,  
is also illustrated a modification of the function RT

*(τ*) (curve 2) for LED sample LXK2 
(emitter) by a teflon film placed between the PCB plate and slug in order to test the method.  
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Fig. 7. Functions RT
*(τ*) for two GaN LEDs (curve 1) LIIIP2JB and (2) LXK2. 

 
5. Conclusions  
 

Thus, the method of thermal characterization of heterolasers and LEDs based on transient 
measurements is discussed. The thermal resistances of the internal structure of heterolasers 
and LEDs as well as the optical power efficiency of heterolasers can be determined by the 
method.  

A dominant contribution of the die attach layer to the internal thermal resistance of both 
heterolasers and LEDs is observed. For this reason, the method can be a useful tool for 
analysis and study of technological problems of die attach layer formation. In general, the 
interval of the specific values of the thermal resistance (per unit square) covers 2 to 
20 mm2 K/W. The lowest values are characteristic for power QW heterostructure lasers in the 
AlGaInAs–AlGaAs system (≈ 2 mm2 K/W).  

From the analysis of time behavior of heating temperature the current and temperature 
dependencies of laser output power efficiency were determined. The power efficiency of the 
investigated AlGaInAs–AlGaAs heterolasers reaches up to ≈ 35–45 % for pumping at 3 А. In 
contrast, the power efficiency of the GaInAsSb–AlGaAsSb heterolasers reaches ≈ 10 % for 
pumping at 80 mA as a result of their large series resistances.  
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