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The thermal impedance of laser diodes was determined by the measurement of thermal
transients. The parameters of an equivalent R—C network were synthesized from the transient
response. The network was compared with the real layer structure of the device. The effects of
structure, mounting and aging on the temperature distribution were investigated with this
method.

To investigate the heat generation and the heat flux in semiconductor devices,
modelling is often used. Because of the complexity of the three-dimensional heat
flux in multilayer structures, the solution for the steady and transient cases is
searched numerically after simplification of the boundary conditions [1-3[. Another
possibility is the numerical evaluation of the experimental data of a heating process
in a semiconductor device. This is based on the exponential function as the transient
solution of the heat flux equation [4-7]. From this, an equivalent thermal circuit can
be synthesized in which the components are connected with the thermal impedances
of the device structure [8, 9]. With this method, laser diodes were analysed from a
thermal point of view.

Thermal modelling

The electrical modelling of mechanical or thermal processes is a known method.
It is based on the formal conformity of differential equations describing the
transient phenomenon. The differential equation for the heat flux transient after
FOURIER,

dT/ds = A/C- g d*T)dx? (1)
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has the same structure as the cable equation (voltage drop at an R—C cable) in
communication theory:

dU/ds = 1/(r'¢’) d2U/dx? )

where temperature

time,

= thermal conductivity,
specific heat capacity,
density,

voltage,

resistance per unit length,

= capacity per unit length, and
= length.
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Thus, an equivalent description of thermal processes with electrical models and
concepts of electric engineering is possible [10]. This is called a thermo-electrical
analogue.

Equivalent thermal circuit

In the following considerations, this thermo-electrical analogue is the basis for
the development of an electrical equivalent circuit. Therefore, concepts of the
theory of linear networks and systems are used. The modelling of Eq. (2) is possible
after discretement of the place coordinate x. This converts the differential quotients
into difference quotients and the homogeneous cable can be separated in a ladder
network. The single quadripole of an infinitesimal cable section is a four-port of the
heat capacitance and the thermal resistance. The components of the cascade are
connected with fixed sections of the cable (Fig. 1). The electrical model of the
composed heat conductor is a ladder network. Measurement points in the network
are identical with fixed sections of the conductor. Hence, this model is called a
physical relevant model [8]. The steady thermal resistance is calculated via the
temperature difference 47 between the measuring point and the ambient

Ry, = AT/P = (T~ T,)/P &)

where P = power.
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Fig. 1 Equivalent circuit of a cable section x
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If the ambient temperature 7, is used as a reference, it can be set to zero through
calculation with temperature differences. In the network, this means a short circuit
at the output. From the input, the network is now a linear two-pole.

Synthesis of the equivalent circuit from measured data

To test the thermal reaction of a semiconductor device, it is loaded with a step
current pulse. The reaction of the test object, i.e. its response to the step pulse, is
called transient thermal resistance z(¢). The step pulse is deformed by the transfer
function of the ladder network. The step pulse response of the first four-port C,, R,
of the network in Fig. 2 is an exponential function. This response is deformed by the
next R—C- four-port, and so on to the end of the network. The single four-ports in
Fig. 2 represent sections of the multilayer heat conductor. Because of the finite

R R2 R3 Rn

= C1 Icz IC3 ___IC
T 1 " .

Fig. 2 Equivalent circuit of the multilayer heat conductor, ladder network after CAUER

L]

thickness, the thermal pulse has a finite transition time through the layer. This delay
is determined by the thermal diffusivity and the thickness of the layer. The step pulse
response z(f) can be approximated by the statement

z(t) = l/PZ AT (1 —exp (—t/7;) ©)]

This mathematical statement allows the development of a further network. A series
circuit of parallel R—C components also causes the response in Eq. (4). This two-
pole network is shown in Fig. 3. The components R; and C; can be determined by

Ry R, R, R,
z(t)—»
o2
Fig. 3 Network, described by the approximation equation (4) for the transient thermal resistance z(t),
network after FORSTER

means of Eq. (3) and the time constant t;
t; = R,C; )

The networks (Figs 2 and 3) are electrically identical networks and their
components can be transferred into each other. The resistances and capacitances of
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one network are a function of all components of the other network. The
components of the ladder network can be determined with a chain fraction
calculation of the polynomial of the transfer characteristics of the network after
FORSTER (Fig. 3). Because of the number of layers, i.e. elements in the cascade, it
is reasonable to perform this calculation with a computer. The algorithm for the
transformation of the networks is known from the theory of linear networks and
has been described in the literature (see e.g. [11]).

Measurement

The method for the determination of the thermal impedance of laser diodes was
presented in a previous paper [12]. It is based on the temperature-dependence of the
voltage drop at the p— n junction of a diode [13].The temperature coefficient dV/dT
for GaAs was given in [14]. In this paper it was determined for GaAlAs/GaAs and
InGaAsP/InP. As shown in Fig. 4, it is identical with the coefficients of Si, Ge and
Ga:s, i.e. this coefficient is a physical constant for semiconductor p —n junctions.

A

20
25882 ;
S B> —— Si
£ -30 GaAlAs/GaAs

v GalnAsP/InP

Fig. 4 Measured temperature coefficient dV/dT of the voltage drop at the p— n-junction of Ge-, Si-
diodes (13), GaAlAs/GaAs and InGaAsP/InP diodes at RT

For the measurement, the device is loaded with a constant current pulse
(¢,> 1 ms). During the pulse, the voltage at the p—n junction drops due to the
heating and this transient is recorded. Because the temperature coefficient is
negative, the voltage is inverse to the temperature:

AT = —dT/dV-AV (6)
Putting Eq. (6) into Eq. (4) approximates the measured voltage transient:

2(1) = 1/PY dT/dV AV (exp (— /1)~ 1) %)

The voltage transients at the devices were recorded in the time range 10~ 7-10 "3 sec.
Figure 5 shows typical measured curves in the log-log scale to be analysed.

J. Thermal Anal. 34, 1988
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Approximation of the measured values

The analytical values of the exp functions can be determined from the measured
values by means of different methods. On the one hand, the squared error sum of
the measured values and approximation is minimized by inner regression [35, 7, 15].
On the other hand, the analytical values can be determined by linear regression
calculation of the logarithmic measured values [4, 6]. Both methods need a
computer calculation. For several reasons, the linear regression was used here. As
may be seen in Fig. 5, the single exp functions are clearly separated from each other.
Thus, there is no danger that some data are lost. This method gives the number of
exp functions directly without iteration calculation.

=]
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Fig. 5 Transient voltage drop at GaAlAs/GaAs (a) and InGaAsP/InP (b) diodes after switching on a
step current pulse, I =80 mA

The calculation of the analytical values of the exp functions is performed with a
computer program in BASIC, in which the linear regression calculation is a
subroutine. The analytical values are given to a transformation procedure which
converts the synthesized network after FORSTER into the ladder network after
CAUER. The results are the values of the thermal resistance and heat capacitances
in an n-section network of R—C quadripoles.

Results

The investigation was especially performed to test different laser diode mountings
and the control contact degradation. To identify the single exy functions, as shown
in Fig. 5, the measurements were made under several mouting conditions. In Fig. 6,
the transient temperature rise of a clamped and soldered GaAlAs/GaAs laser diode
[16] is shown. By means of a one-dimensional evaluation of the heat flux in the
multilayer structure, the place coordinate x can be given, too [17].

The following typical analytical values of the exp functions were determined
(Table 1).

These time constants agree well with the results of modellings and measurements

J. Thermal Anal. 34, 1988
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Fig. 6 Transient temperature rise at the p— n-junction of a GaAlAs/GaAs laser diode, I = 80 mA.
Curve d) clamped on a copper submount; a) soldered p-down on a copper submount; b) soldered p-
down on a silicon submount; ¢) soldered p-up on a copper submount

Table I Typical analytical values of the exp functions for

GaAlAs/GaAs laser diodes
R, K/W /s
Chip 12-20 - 3
Chip 7-13 12- 20
Solder 7-10 80-120
Si submount 18-22 350450

in the literature [18-20]. With these values, the components of the ladder network
(Fig. 2) were calculated (Table 2).

InGaAsP/InP laser diodes [21] were investigated in the same manner. Because of
the low T, value, these devices are very sensitive to temperature rise. Thus, it is
important to minimize their thermal resistance. The thermal conductivity of the
quaternary alloy is much worse than that of the InP substrate [22]. Accordingly,
mesa-structures are thermally advantageous as compared to planar structures.

Table 2 Thermal resistances and heat capacitances of the equivalent thermal
network (Fig. 2) for GaAlAs/GaAs laser diodes

C,p, Ws/K Ry, K/W

Chip 0.6-1.7-1077 16-23
Chip 08-1.2-10"¢ 12-18
Solder 1.0-1.5-10"3 8-11
Si submount 4 6 -1073 10-12
Substrate 9 -107¢ 22-26 (p-up mounting only)

J. Thermal Anal. 34, 1988
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Figure 7 shows the influence of different mountings on the transient temperature
rise. The single exp functions were identified here, too.

The values in Table 3 were transformed in the thermal resistances and heat
capacitances of the equivalent circuit.
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Fig. 7 Transient temperature rise at the p— n-junction of a InGaAsP/InP laser diode, I = 30 mA.
Curve a) soldered p-down on a copper submount; b) soldered p-up on a copper submount;
¢) soldered p-down on a silicon submount

Table 3 Typical analytical values of the exp functions for
InGaAsP/InP laser diodes

R, K/W T/us
Chip 20-40 -2
Chip 10-12 10- 17
Solder 7-15 70-110

Table 4 Thermal resistances and heat capacitances of the equiva-
lent thermal circuit (Fig. 2) for InGaAsP/InP laser diodes

Cy» Ws/K R, K/W
Chip 0.5-1.5-10" 25-35
Chip 1.6-107° 12-18
Solder 0.8-1.3-107% 13-22
InP substrate 0.7-1.0-107°% 10-15 (p-up mounting only)

The total thermal resistance fits well with published results [23, 24].

After aging tests, we observed an increase in the thermal resistance. The reason
for this increase is the metallurgical reaction between the gold and solder. The
growth of an intermetallic compound layer leads to an increase in the thermal
resistance, because its thermal conductivity is bad [25]. As shown in Fig. 8, the
interlayer can be observed by this means.

J. Thermal Anal. 34, 1988
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Fig. 8 Transient temperature rise of a GaAlAs/GaAs laser diode before a) and after b) aging 100 h
(50 °C) 100 mA, I = 80 mA

With this method, it is also possible to check the technological quality of the
mounting of the devices in the production process. The quality of soldering can be
investigated simply by comparing the voltage transient with a standard transient
curve. With a computer, it is possible to automate the quality control (CAQ).
Figure 9 shows the transient heating of a well and a badly soldered laser diode. The
bad soldering feeds back on the thermal impedance of the laser structure
(1<5-107%sec). The transient for #>5-107° sec represents the intermetallic
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Fig. 9 Transient temperature rise at the p — n-junction of a good soldered a) and a bad soldered b)
GaAlAs/GaAs laser diode, 7 = 30 mA
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Fig. 10 Transient temperature rise of GaAlAs/GaAs laser diode with shallow a) and deep b) zinc-
diffusion, I = 30 mA
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compound layer, and the transient for ¢>2-1075 sec the solder layer. In the
equivalent ladder network, the thermal resistance of the intermetallic compound
layeris 8.3 and 8.9 K/W for the well and badly soldered laser diode, and the thermal
resistance values for the solder layer are 8.3 and 16.4 K/W. The metallographic
inspection of the solder joint showed a nearly 2 um thick intermetallic compound
layer and voids in the solder of the badly soldered device.

Because of a fault in one wafer, the zinc was diffused too deep. Therefore, the
internal efficiency was low (50%) and the nonradiative recombination caused
additional inner heating. Its transient temperature rise can be seen in Fig. 10 witha

very short time constant of about 300 nsec.
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Zusammenfassung — Mittels Messung thermischer Einschwingvorginge wurde die thermische
Impedanz von Laserdioden bestimmt. Auf Grundlage des Sprungverhaltens wurden die Parameter eines
dquivalenten R—C-Gliedes ermittelt, das mit der wahren Schichtenstruktur verglichen wurde. Mittels
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dieser Methode wurde der Einfluss von Struktur, Aufbau und Alterung auf die Temperaturverteilung
untersucht.

Pesiome — IlyreM u3MepeHHs TepMHUYECKHMX NEPeXOnoB Obln onpencineH TEPMHYECKHH HMIENAHC
Jasepubix quojos. Ha ocHoBe nepexonHo# XapakTepHCTHKH GulM COCTABICHEI IIAPAMETDbI KAKOJH-
mubo sksupaneHTHOH R-C nemu, xoropas ObLla 3aTeM CONOCTaBJIeHa C peasIbHOM CIOHCTOH
CTPYKTYPOK YCTPOFCTBA. 3THM METOAOM OBLIO M3YYEHO BIMAHHME CTPYKTYPHl, CXEMBI MOHTaXa if
CTapeHdsl Ha TEMIIEPATYPHOE pacipenencHue.
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