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Abstrocl— We present models for the thermal conductivity
and the speciflc heat applicable ta all relevant diamond and
zinc-blende structure semiconductors, They are expressed
as functions of the lattice temperature and in the casa of
semiconductor alloys of the material composition,
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I. INTRODUCTION

EVERAL applications of industrial interest employ de-

vices with complex materials and structures operating
in a wide temperature range. Accurate simulations save ex-
pensive technological efforts to obtain significant improve-
ments of the devica performance. For example, Heterojunc-
tion Bipolar Transistors (HHBTs) attract much industrial
interest nowadays because of their capability to operate at
high current, densities [1], {2). Heat being generated at the
heterojunctions cannot completely leave the device, espe-
cially in the case of ITI-V semiconductor materials. There-
fore, significant self-heating takes place in the device, which
leads to a change of the electrical device characteriatica.

I1. SELF-HEATING SIMULATION

The two-dimensional devies simulator MINIMOS-NT [3]
accounts for self-heating effects by solving the lattice heat
flow equation (1) self-consistently with the energy trans-
port equations. Finally, a system of six partiel differential
equations is being solved.

o,
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div(xr, - grad =pL -
In {1) T, denotes the lattice temperature, ¢ is the time vari-
able, and H is the heat generation term. The eoefficients
are pu, e, and xr, which denote the material’s mass den-
sity, specific heat, and thermal conductivity, respectively.
For different semiconductor materials proper models have
to be used. :

A. Mass Density Models

The values of the mass density of the basic semiconduc-
tor materials are well-known, and are used to mode] the
values for compound materiala. In the case of SiGe and
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ternaty III-V alloys it is expressed by a linear change be-
tween the values of the basic materials A and B,

PAP=(1-a) phtap® (2)

The parameter valucs used in MINIMOS-NT are summa-
rized in Table L.

TABLE 1
PARAMETER VALUES POR MASS DENSITY

Materlal | Value [g/em?]
8i 2.33

Ge 5.327
GaAs 5.32
AlAs 3.8
InAs 5.667
InP 4.81
GaP 4.138

B. Thermal Conductivity

The temperature dependence of &y, of the basic semicon-
ductor materials is modeled by a simple power law

T%, «
k1, (TL) = Kaoo - 00 K

where ksog is the value for the thermal conductivity at
300 K. This approximation is in good agreement with ex-
perimental data [4]-[7], as presented ir Fig. 1 and Fig. 2
where comparisons betwesn experimental data and the re-
sults obtained with our model are shown for the thermal
conductivity at several temperatures in the range of in-
terest (300 K — 800 K). The parameter values used are
summarized in Table IL

3)

TABLE I1
PARAMETER VALUES FOR THERMAL GONDUCTIVITY

Material | &z00 [W/K m] o
Si 148 ~1.65
Ge 60 -1.25
GaAs 46 -1.26
AlAs 80 -1.37
InAs 27.3 -1.1
InP 68 -1.4
GaP 7 -1.4
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Fig. 1. Temperature dependence of the thermal conductivity.
Comparison between experimental data and the mode! for

Bi, Ge, and GaP.
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Fig. 2. Temperature dependence of the thermal conductivity.
Camparison between experimental dats and the model for
InP, GaAs, and InAs.
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Fig. 3. Material composition dependence of the thermal con-
ductivity. Camparison between exporimental data and the
maode! for 5iGe and InGaAa.
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In addition, the functional form given in (3) is easily
integrated over temperature to obtain the lattice thermal
flux density between two boxes which is defined by the
lattice temperatures 77 and Ty of the respective box and is
expressed by (4)

T2 400 Th o+l 7 atl

fﬂ #(Te) dTy, = == [(m) - (m) ] )

In the case of alloy materials A;_, B, &r. varies hetween
the values of the basic materials (A and B). A harmonic
mean is used to maodel £300. An additional bowing factor ¢
is introduced in order to account for the drastic reduction
of the thermal conductivity with the increase of material
composition . The temperature dependence factor o is
linearly interpolated because insufficient experimental data
at temperatures other than 300 K are available.

AR 1

Feoa = (1-2:+ P +(1-:r:)-:|:) (6)
Koo #hoo c

B = (1-2).0 4x.0B {6)

The parameter values used in MINIMOS-NT are summa-
rized in Table II1. In Fig. 3 and Fig. 4 comparisons between

TABLE I1I
PARAMETER VALUES FOR THERMAL CONDUCTIVITY

Material | € [W/K m]
SiGe 2.8
AlGaAs 3.3
TnGaAs 14
InAlAs 3.3
InAsP 33
GaAsP 14
InGaP 14

experimental data from [5]-[10] and the results obtained
with out model are shown for the thermal conductivity at
300 K.

C. Specific heal

For transient simulation with self-heating, the time-
dependent term of (1) is discretized implicitly [12):

L.n

& TL.n - TL.n—l
Ay :

= prety 0

The parameter n denotes the corresponding time step. The
temperatures T, , and Ty, .y are also inpui parameters of
the specific heat model (8). The function also requires the
coefficients for the specific heat capacity of the considered

material.
T\ _
300 K

o =cnte ————F——
LN Lo
(300 K) apn

(8)
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e300 18 the value for the specific heat at 300 K [11). The
model is used for the bhasic semiconductor materials. We
present in Fig, 5 and Fig. 6 comparison between experi-
mental data and the results obtained with our model are
for the specific heat. Note, the excellent agreement it gives
in g0 wide temperature range {0 K — 800 X). The parameter
values used are summarized in Table IV.

T=

TABLE IV
PARAMETER VALUES FOR TIIE 3PECIFIG HEAT
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Fig. 4. Material comnposition dependence of the thermal con-

ductivity. Comparison between experlmental data and the
model for InAsP and AlGaAas,

Material | esgo [J/K kg| | ¢, [J/K kgl [ «

Si 711 255 1.85
Ge 360 130 1.3
GaAs 322 &0 16
AlAs 441 50 1.2
InAs as4 a0 1.95
InP 410 50 2.05
GaP 519 50 26
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Fig. 5. Temperature dependence of the specific heat. Compar-
ison between experimenial data and the model for Si and

Ge,
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Fig. 6, Temperature dependence of the specific heat. Comparl-
son between oxperimental data and the model for GaAs and

AlAs,

The specific heat capacity coefficlents in the case of S8iGe
and ternary III-V compounds arc expressed by a linear
change hetween the values of the basic materials (A and
B).

#?e=(l-2) 2.2 (10)

'The specific heat capacity is then expressed by (8).

III. SIMULATION RESULTS

In particuiar the self-heating offects in an Al
GaAs/InGaP /GaAs one-finger power HBT with emitter
aren of 90 um? have been studied. A thermal contact at
the substrate has been used. The thermal resistance con-
tact model seta the contact temperature of the segment
with a distributed lattice temperature attribute to a value
which is calculated using the actual lattice temperature 13,
a specified contact temperature for the adjacent segment
Te, and a thermal resistance Rp,. The thermal heat flow
density S, at the contact boundary reads:

) T, -1
Ry,

S¢, = (11)
A measured value of about, 400 K /W for Ry, has been used
{1]. The resulting lattice temperature distribution over the
device at Vog = Ve = 1.6 V is shown in Fig. 7.

The heat generated at the heterojunctions flows out of
the device in the direction of the substrate heat sink. In
the opposite direction the heat cannot leave the device and
therefore the emitter finger is heated up significantly to
more than 400 K. The simulation shown is of practical in-
terest and demonstrates the nead of using a thermal shunt
at the emitter contact rather than reducing the substrate
thickness.
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Fig. 7.

IV, CONCLUSIONS

We present thermal models for semiconductor device
simulation valid in a wide temperature range and for all rel-
evant semiconductors. Device simulation with self-heating
was performed to proof the validity of the models,
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