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The proper modelling of semiconductor device operation with full complexity of many interrelated
physical phenomena taking place within its volume is possible only when the material parameters
which appear in each part of the self-consistent model are known. Therefore, it is necessary to in-
clude in calculations the material composition, temperature, carrier concentration, and wavelength
dependences in electrical, thermal, recombination and optical models. In this work we present
a complete set of material parameters which we obtained basing mostly on the experimental data
found in several dozen publications. To refine the number of equations, we restrict the material
list to those which are typically used in edge-emitting lasers and vertical-cavity surface-emitting
lasers designed for mid-infrared emission.
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1. Introduction

To perform the comprehensive simulation of the operation of a semiconductor device,
it is necessary to make use of the complex self-consistent numerical model which is
composed of four interrelated parts [1]:

1. The electrical model characterizing both the current spreading (including carrier
diffusion) between the top and the bottom contacts, the injection of carriers of both kinds
into the active region and the over-barrier leakage of carriers from the active region;

2. The thermal model characterizing generation of a heat flux (non-radiative re-
combination, reabsorption of spontaneous radiation as well as volume and barrier Joule
heating), its spreading within the device from heat sources towards the heat sink and
within the heat sink;

3. The gain model furnishing information about the optical gain process within the
active regions;

4. The optical model describing, for successive cavity modes, their lasing thresh-
olds, wavelength, intensity profiles within the laser cavity and absorption.
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In this theoretical approach, all important, usually nonlinear, interactions between
electrical, thermal, recombination and optical phenomena must be taken into account
with the aid of the self-consistent approach including [2]: i) thermal focusing, i.e., the
temperature dependence of refractive indices; ii) self-focusing, i.e., the carrier-con-
centration dependence of refractive indices; iii ) gain-induced wave-guiding, i.e., the
temperature, carrier-concentration and wavelength dependences of the extinction co-
efficient; iv) temperature dependence of thermal conductivities; v) temperature and
carrier-concentration dependences of electrical conductivities; vi ) temperature, carri-
er-concentration and wavelength dependences of optical gain and absorption coeffi-
cients; vii ) temperature and carrier-concentration dependences of the energy gaps.

In the next section we present a complete set of material parameters which we ob-
tained basing mostly on the experimental data found in more than forty publications.
In the case of formulas already given in the literature we give only the reference to the
article. We restrict the material list to materials which are used in edge-emitting
lasers [3] and vertical-cavity surface-emitting lasers [4] designed for mid-infrared
emission: Te- and Si-doped GaSb, Te-doped AlAsSb lattice-matched to GaSb, heavily
Si-doped InAsSb lattice matched to GaSb, Te-and Si-doped AlGaAsSb with low both
Al and As contents, unintentionally doped GalnAsSb quantum wells with GaSb bar-
riers, and two amorphous materials ¢-Si and SiO, which form dielectric mirrors in sur-
face-emitting lasers (SiO, can be also deposited as a passivation layer).

2. Material parameters

2.1. Electrical conductivities, mobilities, and free carrier concentrations

Electrical conductivities of the - and p-type semiconductor materials can be calculated
from the following equations given in [5]:

0,(n, T) = en(Ny, T)it,(n, T) (1)

0,(p,T) = ep(N, T)u,(p, T) (2)

where e is the electron charge, n and p are the free electron and hole concentrations,
T is the temperature, N, and N, are concentrations of donors and acceptors, and ,
and p, are the electron and hole mobilities.

For temperature dependence of free carrier concentrations we suggest the relations
of the following forms:

9,(Np)

ANp T) =m0k (Np) (557 G)
8,(N)

PN T) = oo (N 55) )

where parameters 0, and é:,j depend only on doping concentrations.
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In the case of temperature dependences of carrier mobilities, similar relations can
be used [6]:

300 \%WNp)
0 T) = psgg (25 5)
300 \% (V)
Hy(p, T) = :U300K(P)(—]T—) ! (6)
where parameters y, and 7, depend only on doping concentrations.
In this section both doping and free carrier concentrations are given in cm™>, carrier

mobilities in cm?/Vs, and temperatures in K.

Using the existing experimental data [7, 8], we obtain the following expressions
for the free carrier concentrations in Te-doped n-GaSb and Si-doped p-GaSb:
Nj, for Np< 10" em >

n (Np) =
GaSb, 300K 3D 100.383027Ni ~22.1278N; +425.212N, — 2700.2222 3

for N> 10" em
(7

N, for N,<236x10"7 cm”

DGasb, 300k (Ny) = 3

[-0.0731 x log(N,) + 2.27IN, for N,>2.36x 10" em™
(®)

where N; = log(Np). Basing on experimental data given in [9, 10] we assume that pa-
rameters &, and &, for Te- and Si-doped GaSb can be written as:

S, Gasp(Np) = 0.4506 X log[ng,gp 300k (Np)] —7.95 ©)

17 17 -3
Paasb, 300k (Ng) X 107 for  pgagp, 300k < 6.4% 107 cm

5p, Gasb(Ny) = { N

0.088 for  pass, 300k > 64 % 10" em’

(10)

Using the existing experimental data [9, 11-16], we obtained the following expres-
sions for the carrier mobilities in Te- and Si-doped GaSb:

5750
Hy, Gasp, 300k (1) = 550 + 1 . )0.786 (D
+ ——e
2 x 107
470
My, Gasb, 300k (P) = 95+ ) 0.85 (12)
(o2
4x10'8
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Taking into consideration the experimental data given in [9, 16], we assume that
parameters }, and y, for Te- and Si-doped GaSb are equal to 1 and 1.2, respectively.

On the basis of [12] we assume that in the case of #n-AlAsSb with high Sb content,
the formula (7) can also be used. Moreover, basing on results presented in [17], we
assume no temperature influence on carrier concentration in this material.

For n-type AIAsSb we use the following relation to calculate the electron mobility
at 300 K:

1 X 1 —x
= + + -
My, Alassb, 300k (1) Hn, alas, 300k (M) My arsp, 300k (1) ¥ =)

(13)
where x is the As content. Using the existing experimental data [17,18], we obtained
the following expression for the carrier mobilities in n-doped AlAs and AlSb:

280
My Alas, 300k (1) = 30+ (14)

1—+(———11———)2
8 x 107

170
My, arsp, 300k (1) = 30+ (15)

1 ( n )3.25
J,- —
4% 10"

Taking into consideration the results presented in [19], we assume that 77, = —0.0093.
For Te-doped AlAsSb we suggest y, = 1.8 taken from [20].

Due to the lack of experimental data, we assume that in the case of AlGaAsSb with
low both As and Al content Egs. (7)—(10) can be used. For n-type AlGaAsSb with very
low As content doped with Te we recommend the following relation to calculate the
electron mobility at 300 K:

1 - d + 1-x +17,x(1 —x)

My, AiGaAsSb, 300k (71) My, Atsp, 300K (1) My, Gasp, 300k (1)

(16)

where x is the Al content. On the basis of [21] we assume that 77, = 0.0096. In the ab-
sence of experimental data we assume that ¥ for Te-doped AlGaAsSb is the same as
for Te-doped GaSb.

Similarly, to calculate the mobility for p-type AlGaAsSb doped with Si with low
both As and Al contents, the following formula can be used:

1 _ X . 1 —x 7 x(1—x)
M, AlGaassb, 300k (P) Ky Arsb, 300k (P) M, Gasb, 300k (P) r
(17)
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where x is the Al content. With the use of experimental data found in [22], we obtained
the following expression for the carrier mobility in Si-doped AlSb:

270
My, Atsp, 300k (P) = 30+ (18)

154
)
3x 107

On the basis of [21] we assume that 77, = 0.0006.

No experimental data have been reported for temperature dependence of the mo-
bility in p-doped AlGaAsSb. Therefore, for this material, we suggest using the same
value of ¥, as for Si-doped GaSb.

For InAsSb with high As content we recommend using the following relation to
calculate the electron concentration:

N, for Nj< 10" em®

(19)

M AsSh, 300 k(Np) = 5

~0.259963N; + 10.9705 N, — 95.5924 T
0 for Np>10" cm

which we assumed basing on experimental data given in [23] for n-type InAs. Basing
on experimental data given in [24], we assume that parameter ¢ for Si-doped InAsSb
can be written as

0, massb(Np) = —0.00332 X log [711,45sp, 300k (Np)] + 0.26 (20)

Using the existing experimental data [25], we obtained the following expression
for the carrier mobility in Si-doped InAsSb with low Sb content:

11550

0.80
( n )
2x 10"

Taking into consideration the experimental data given in [6], we assume that pa-
rameter J, = 1.7 for Si-doped InAsSb.

For amorphous materials we suggest electrical conductivities equal to 0.1 Q 'm™!
for o-Si [26], to 1x10713 Q'm™! for Si0, [27].

The room-temperature (RT) values of the recombination, namely the monomolecu-
lar coefficient 4, the bimolecular coefficient B and the Auger coefficient C in the
active region with GalnAsSb quantum wells, are assumed on the basis of reported
experimental data: A5y, = 2x1077 571 [28], Bygox = 1¥10710 em?/s [29, 301, Cs00x =
=1.05x% 10’23exp(720.08/Eg) cm®/s [31]. In the case of ambipolar diffusion coefficient
we suggest using D3 = 10 cm?/s which is the same value which we used in computer
simulation of mid-infrared laser described in [1]. The temperature dependences of the

@2y

My nassb, 300Kk (1) = 450 +
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recombination coefficients can be written as [32]: A(T") = 4349x(7/300), B(T) =
= B30ok(300/T)!>, C(T) = C3091(T/300), and D(T') = D3y (T/300).

2.2. Thermal conductivities

In this section, thermal conductivities are given in W/mK.
Thermal conductivity for GaSb is assumed to be expressed by the following rela-
tion [33]:

135
300K ) (22)

kgasn(T) = 36(

Thermal conductivities for AlIAsSb, InAsSb, A1GaAsSb and GalnAsSb can be ob-
tained from thermal resistivities for binaries (see Table 1) using the following inter-
polation formulas and bowing parameters taken from [33]:

1 1
kipr(x) = = 23
ABC 745 (X) xr et (1 =x)rge+x(1-x)Cyp 23)
kipcp(x,y) = 1 = 1 (24)
"48cp(%: ) rytr,

where: | = xyryc + x(1 =y)ryp + (1 —x)yrge + (1 =x)(1 —y)rgpand ry =x(1 —x)Cyp +

+y(1-y)Cep.
For -Si we suggest the following expression:

T 0.824 T 2 T
(T) = 2048 — + 11| =] —18.9|—) 1.
k,si(T) 2048(300) 11(300) 189(300) 1.07 (25)
for temperatures from 77 to 400 K range and:
k,i(T) = 2.5215 % 10 x T+ 1.5432 (26)

for temperatures higher than 400 K. The above temperature dependences we obtained
by fitting the data found in [34].

Analogously, the thermal conductivity for SiO, is determined from the following
formula:

T \0.0194 4 T \2
kSiOZ(T) = 0'303(W) -19x10 "x (m) —0.2899 (27)

which we derived for 77-750 K range using the data taken from [35].

2.3. Gain parameters

In order to calculate the gain in the active region, it is necessary to calculate the fol-
lowing parameters for quantum well, barrier and claddings: energy gaps, split-off en-
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Table 3. Nonzero bowing parameters of ternary and quaternary compounds: E, — energy gap, A, —
split-off energy, m,, my, — effective masses of electrons and light-holes, E, - valence band edge for
unstrained material, a. — conduction band deformation potential.

Bowing parameter for ~ GalnAs GalnSb GaAsSb InAsSb AlAsSb
E, [eV] 0.477 0.415 1.43 0.67 0.8

A, [eV] 0.15 0.1 0.6 1.2 0.15

mg [myg) 0.008 0.010 0.014 0.027 -

myy, [mg] — 0.015 — - -

E, [eV] —-0.38 - -1.06 - -1.71
a,[eV] 2.61 - - - -
Bowing parameter for  AlGaAs AlGaSb GalnAsSb  AlGaAsSb

E, [eV] —0.127 + 1.31x,, —0.044 + 1.22x,, 0.75 0.812

A4, [eV] - 0.3 - -

ergies, effective masses, deformation potentials, and elastic constants. All of them can
be found in [33, 36] for binary materials (Table 2). For ternaries 4, B, _ .C and qua-
ternaries 4,8, _,C, D, _, the above parameters can be obtained with the use of inter-
polation schemes [37]:

T pc(x) = xB,+ (1 -x)Bp-—x(1-x)C (28)

Oypcp(x,¥) = (1 =x)yBgc+xyB,yc+x(1-y)B,p+ (1 -x)(1-y)Bgy+
= x(1 =x)yCupc—x(1 =x)(1 =y)Cypp—xy(1 =)Cycp +
- (I =x)p(1 *y)CBCD*x(l -x)y(1 7y)CABCD
(29)

where C is the bowing coefficient (see Table 3).

2.4. Refractive indices and absorption coefficients

In this section, absorption coefficients are given in cm™.

By fitting the experimental data found in [38] and [39], we obtained the following
expression for the RT refractive index in undoped GaSb:

np Gash, 300k (E) = 0.502E° — 1.216E” + 1.339E + 3.419 (30)

where E stands for the photon energy given in eV. For the doped material the following
corrections to the RT value of refractive index should be added, which we derived from
the results presented in [40]: dngp/dn=-2.9x10"2" cm?, dnp/dp =—7.4x1072! cm?.
Temperatusre dﬁ:pendence of the refractive index of GaSb is given in [6]: (1/ng)(dng/dT)
=8.2x107 K.
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In GaSb, the absorption coefficient, the wavelength and carrier concentration de-
pendence can be described as:

1.05
¥y Gaso, 300k (A1) = 107 exp(=4/33) + 1.7x 10 40 2" + (20A/n/ 10" )
(31

where A is in nm. The above relation we assumed basing on the results presented in [41].
For p-type GaSb an analogous relation can be used:

1.05
O Gasv. 300k (b P) = 107 exp(-24/33) + 2% 10 **p2* + (zoA/p/ 10" )

(32)

in which we introduce the corrections in respect to Eq. (31) basing on the data found
in [42, 43]. In the absence of experimental data for optical parameters for n-AlGaAsSb
and p-AlGaAsSb with low both Al and As contents, we assume that the relations from
(30) to (32) can also be used.

To calculate the refractive index for n-AlAsSb, the formula found in [44] can be
used, for which we suggest to introduce the following temperature dependence of refrac-
tive index [6]: (1/ng)(dnp/dT) =[4.6 x 107x + 1.19 x 1073(1 —x)] K™!, where x is the
Al content. To calculate the absorption coefficient for AIAsSb lattice matched to GaSb,
we propose the same relation as it is given for n-AlISb in [42]: o = 1.9 x 1021 2.

The refractive index for InAsSb lattice matched to GaSb can be obtained with the
use of interpolation of its values for InAs and InAs,, ¢Sb,, , which we derived from the-
oretical results presented in [40]:

1.783

ng massh, 300k (4) = 0.015252"7% + 3,561 (33)

fp s, 300k () = 00152547 + 3561 (34)

where A is given in um. Free carrier concentration influence on refractive index in
InAsSb can be introduced by adding the following term:

Ang maassh, 300k (1) = —0.06688 log?(n) + 2.18936 log (n) — 17.9151 35)

Similarly to AIAsSb, we introduce the temperature dependence of refractive index
of InAsSb [6]: (1/ng)(dnp/dT)=[1.2 x 107*x + 6.9 x 107(1 —x)] K™!, where x is the
As content.

To calculate the refractive index for &-Si, we recommend the following formula:

3.308

Ny gsi(E) = 0.144 + -
1 - 0.0437E

(36)



236 L. Piskorsk1, R.P. SARzAELA

which we derived from experimental data given in [45]. On the basis of [46] we assume
dnp/dT =2.2 x 107 K™! for this material. From [45] we also estimated the formula
for absorption coefficient in ¢-Si:

2.506E + 0.2
o,q(E) = 10

(37)

To calculate the nj for SiO,, the formula given in [47] can be used. Moreover,
from [47] the temperature dependence of this parameter can be derived: dny/dT =
=1.1 x 10 K~!. Taking into consideration the results presented in [48], we formu-
lated the following formula for absorption coefficient in SiO,:

i (A) = 09824 —3.542 (38)

where A is given in um.

3. Results

As a verification of correctness of the set of material data and the formulas describing
the relations of those data as functions of alloy composition, temperature and carrier
concentration we compared the experimental and numerical results for the voltage-cur-
rent characteristics and ambient temperature dependences of the threshold current
(Fig. 1). Calculations have been carried out for the structure (Fig. 2) very similar to
the currently most modern 2.6 um GalnAsSb/GaSb VCSEL proposed in [4]. Its inten-
tionally undoped active region is assumed to be composed of 10-nm Ga 54In, 5o-
As( 135Sb 315 quantum wells separated by 8-nm GaSb barriers. The active region is
embedded in Alj,Gag 99ASg 01Sbyg9 Waveguide and sandwiched by p- and n-type
GaSb spacers. Above p-type spacer, the tunnel junction (TJ) composed of p**-GaSb
and n'"-InAs ¢Sby oo is located. To minimize the absorption loss, the TJ is situated

' °
127 E?(perm.lental data ° < 4.5+ o Experimental data
® Simulation results ._.-—"' £ 1 @ Simulation results N
o -
. 4.0
> I S ] e
o 0.8 3 £ °
.o
% » © 354 o
= . S [ ]
o 2 [e) [m]
> 04} B °
H o 3.04 =
a £ o ° b
0.0 — 254—1¥—+—F— 17—
0 4 8 12 16 260 270 280 290 300 310
Current [mA] Ambient temperature [K]

Fig. 1. Comparison between experimental and numerical results for the: voltage-current characteristics (a),
and ambient temperature dependences of the threshold current (b).
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100 pm
<l =
26 um
4 x ¢-Si/SiO = =

Tunnel junction E_‘/ n*-InAsg 91Sbg o9

n**-InAsg 91Sbg go/p *-GaSh
\

aa . n*-GaSb
——
Active region NS
Gayg 57IN0.43AS0 15Sbg g5/GaSb
_ Lk
n-GaSb

In S —— T i/ Pt/ Au

e

Fig. 2. The schematic structure of the antimonide-based VCSEL.

at the standing-wave node. Upper spacer is manufactured from n-GaSb. The 3-A cavity
with several n"-GaSb current spreading layers situated in cavity nodes is terminated
on both sides by distributed-Bragg-reflectors (DBRs): the 4-pair «-Si/SiO, top DBR
and the 24-pair AlAs 4gSbg 9,/GaSb bottom n-type DBR. Bottom DBR diameter is as-
sumed to be equal to 60 um, whereas the upper DBR diameter is larger by 6 pm than
TJ diameter. The top contact is produced in a form of a ring of 10 um width. It is sep-
arated from the top spacer with the 200-nm thick highly-doped n"-InAs, 4, Sb o9 con-
tact layer. The whole bottom 60 um diameter surface of the 500-um n-type GaSb
substrate is covered by the bottom contact.

As can be seen in Fig. la, there is a very good agreement between experimental
data for the voltage-current characteristics and theoretical results obtained with the use
of our model. From that we can conclude that the electrical parameters (electrical con-
ductivities, mobilities, and free carrier concentrations) and the thermal conductivities
have been correctly estimated. A slightly poorer agreement has been found for the am-
bient temperature dependences of the threshold current (Fig. 1b). However, the general
trend, according to which the threshold current increases with the ambient temperature,
is similar. The observed discrepancy can take its origin from the fact that in real struc-
ture quantum wells have slightly different material compositions and widths, whereas,
in the simulation, they were identical to simplify the calculations. Moreover, we as-
sumed that the carrier concentration is the same in every quantum well, which is not
true in the real device. Both simplifications lead to broadening of the gain spectrum,
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and therefore have an influence on the ambient temperature dependences of the thresh-
old current. Nevertheless, the gain and optical parameters seem to have reasonable val-
ues to perform the simulation of a device based on the materials mentioned in this work.

4. Conclusions

In order to perform the comprehensive simulation of the operation of a semiconductor
device, it is necessary to make use of the complex self-consistent numerical model
which is composed of electrical, thermal, recombination and optical models. The most
important feature of this approach is that it allows the integration of various physical
phenomena taking place within a laser device and is crucial for its operation. Therefore,
in calculations, it is necessary to include the material composition, temperature, carrier
concentration, and wavelength dependences in electrical, thermal, recombination and
optical modules. In this work, a complete set of material parameters which we obtained
basing mostly on the experimental data has been presented. With the use of presented
formulas, it is possible to calculate all the important parameters that are necessary to
simulate the antimonide-based lasers emitting in the mid-infrared wavelength region.
Results of such simulations can be found in our previous works [49, 50].
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