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A semiconductor is a material that has electrical properties somewhere in the middle, between those of
an insulator and a conductor. It is neither a good insulator nor a good conductor (called a semiconductor).
It has very few free electrons because its atoms are closely grouped together in a crystalline pattern called
a crystal lattice, however, electrons are still able to flow, but only under special conditions. One of the prin-
cipal characteristics of semiconductors is that they can be doped with impurities to alter their electrical
properties. The semiconductor properties are characterized by the band theory. This model states that an
electron in a solid can only take on energy values within certain ranges called permitted bands, which are
separated by other bands called band gaps. These materials are mainly used in electronics (diodes, transis-
tors, etc.), microelectronics for integrated circuits, solar cells and optoelectronic devices such as light emit-
ting diodes (LEDs). ITI-V semiconductors are of great interest because of their properties, they are robust,
have a high thermal conductivity and a direct band gap. Devices and circuits in the III-V semiconductor
group were always known by their high speed, but also by their expensive production and lower integra-
tion compared to silicon-based ones. In this paper, models for the effective density of states (V. and N,) in
the conduction and valence bands, intrinsic carrier density n;, temperature dependence of the energy band
gap (Fs) and doping dependence of the energy band gap (Eg) of aluminum gallium arsenide (Al:Gai -:As)
semiconductors are analyzed using MATLAB for different values of x (0 < x < 1).
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1. INTRODUCTION

A semiconductor [1, 2] is a crystalline material that
has electrical characteristics intermediate between
those of metals and insulators. Semiconductor materi-
als are insulators at absolute zero that conduct electric-
ity to a limited extent at room temperature. Semicon-
ductors are widely used in modern electronics, inte-
grated circuits, optoelectronics, photonics, semiconduc-
tor devices, etc. [2-8]. The electrical behavior of semi-
conductors is generally modeled in quantum physics of
solids using the energy band theory. A semiconductor
material has a sufficiently small band gap so that elec-
trons of the valence band can easily reach the conduc-
tion band. If an electric potential is applied to its ter-
minals, a weak electric current appears, caused both by
the movement of electrons and the movement of holes
that they leave in the valence band.

Semiconductors are classified according to their
chemical composition. There are elementary semicon-
ductors, all belonging to group IV of the Periodic Table,
such as silicon (Si) and germanium (Ge). There are also
composite semiconductors, binary, ternary, quaternary
or quinary, which respectively consist of two, three,
four or five different chemical elements. The most
common are III-V semiconductors, consisting of group
IIT elements (aluminum, gallium, indium, etc.) and
group V elements (nitrogen, phosphorus, arsenic, anti-
mony, etc.), such as gallium arsenide, indium arsenide,
gallium nitride, gallium antimonide, boron phosphide
or ternary alloys such as aluminum gallium arsenide

(ALGai _<As) [9-12].
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This paper describes the characterization of the ef-
fective density of states (effective density of states in the
valence and conduction bands), intrinsic carrier density
and other important characteristics (temperature de-
pendence of the energy band gap (Eg) and doping de-
pendence of the energy band gap (Eg) of Al.Gai-xAs
semiconductors using MATLAB for different values of x
O<x<1).

2. CHARACTERIZATION OF ALUMINUM
GALLIUM ARSENIDE (Al:Gai - xAs)

III-V semiconductors [13-16] crystallize in the zinc-
blende structure. It consists of two interpenetrating
subface-centered cubic lattices (FCC), one of which is
formed by group III elements and the other by group V
elements. These semiconductors have essentially cova-
lent bonds with shared electrons between an element
IIT atom and an element V atom in sp3 hybrid orbitals.

The following expression presents the temperature
dependence of the energy band gap (Eg) of semiconduc-
tors:

aT?
T+p°

E,=E,0)- (1)

where E; (0), @ and S are material constants [17].
The doping dependence of the energy band gap (Eg)
of semiconductors is given by [17]:

~ 3q2 q2N
167, gskT’

AE,(N) = @)

© 2022 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.14(2).02029
mailto:mostakrimo@yahoo.fr

ABDELKRIM MOSTEFAI

where N is the doping density, ¢ is the electron charge,
&s 1s the dielectric constant of the semiconductor, % is
the Boltzmann constant, 7" is the temperature in Kel-
vin (300 K).

Table 1 lists the parameters used to calculate Eg of
AlAs and GaAs as a function of temperature 7.

Table 1 — Parameters used to calculate E; of AlAs and GaAs
as a function of temperature 7' [17, 18]

AlAs GaAs
E.(0) (eV) 2.239 1.519
a (eV/K) 0.6-10-3 0.541-10-3
B (K) 408 204

The effective density of states in the conduction band
N is given by:

3/2
N, =4,82.10" (mj T forx<0.41,  (3)
m,
3/2
N, =4,82-10" [de “T%* forx>0.41. (4
m,

The effective density of states in the valence band
Ny is given by:

3/2
N, =4,82-10" (’”h] T2, (5)
my,

where mo is the free electron rest mass, me, med and mn
are the effective electron mass for x < 0.41, effective
mass of the density of states for x > 0.41 and effective
hole mass, respectively.

The intrinsic carrier density n; is given by:

E
n, = (NC -Nv)l/2 exp{— 2];’%} . (6)

Aluminum gallium arsenide (AlGaAs, Al:Gai-:As)
is a semiconductor compound of the elements gallium,
arsenide and aluminum, x (0<x<1) is the ratio of
these components in the chemical formula Al.Gai-:As.
It is an alloy of aluminum arsenide (AlAs) and gallium
arsenide (GaAs). It is a direct band gap semiconductor
for x < 0.45 and an indirect band gap semiconductor for
x> 0.45 with a zincblende crystal structure (Fig. 1).

The lattice parameter of such a structure depends
on the nature of the chemical elements involved. The
crystal lattice is much greater than the atomic number
of its constituting elements. Thus, in the case of a ter-
nary structure of Al:Gai-xAs, indium incorporation in
the crystal lattice of GaAs increases the lattice parame-
ter (a) of the alloy. Usually for Al:Ga1-xAs, we consider
this variation as quasi-linear and given by Vegard law:

AAGans = AGaas T (aAlAs + aGaAs)x . (M

Aluminum arsenide (AlAs) is a semiconductor ma-
terial that has almost the same lattice constant as that
of gallium arsenide (GaAs). It can form a super-lattice
with gallium arsenide which results in its semiconduc-
tor properties. AlAs and GaAs find applications in the
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following areas:

»  Optoelectronic devices,

»  Solar cells,

»  Quantum well devices,

»  High-electron-mobility transistors.

Aluminum gallium arsenide is used as a barrier
material in GaAs based heterostructure devices. The
AlGaAs layer confines the electrons to a gallium arse-
nide region. An example of such a device is a quantum
well infrared photodetector (QWIP) [19, 20].

Ga

Ga¥/AP* As*
)

Fig. 1 — Zincblende crystal structure: a) gallium arsenide (x = 0),
b) aluminum arsenide (x= 1), ¢) aluminum gallium arsenide
O<x<1)

3. RESULTS AND DISCUSSION

In this section, the effective density of states in the
conduction and valence bands (Fig. 2 and Fig. 3), the
intrinsic carrier density (Fig. 4 and Fig. 5), the temper-
ature dependence of the energy band gap (Eg) (Fig. 6)
and the doping dependence of the energy band gap (Ey)
(Fig. 7) of Al.Gai-xAs semiconductors are treated un-
der MATLAB for different value x (0 <x < 1).

From the results obtained (Fig. 2, Fig. 3), the effec-
tive density of states Nc in the conduction band (Fig. 2)
at room temperature (300 K) for GaAs is 4.34-1017 cm ~ 3,
for AlAs is 1.5-1019 cm—3, for AlosGao.7As is 6.97-1017
cm~-3 and for AloeGao4As is 1.68-101° cm—3, and the
effective density of states Ny in the valence band (Fig. 3)
at room temperature (300 K) for GaAs is 7.56-1018 cm ~ 3,
for AlAs i1s 1.31-101 cm -3, for AlosGao7As is 9.12-1018
cm ~? and for Alo.sGao.4As is 1.07-10% cm —3.

From the results obtained (Fig. 4 and Fig. 5), the in-
trinsic carrier density n; at room temperature (300 K)
for GaAs is 2.15.106 cm -3, for AlAs is 10.2 cm~—3, for
Alo3Gao7As is 2.01-103cm -3 and for AloeGaosAs is
1.30-102 cm — 3.

From the results obtained (Fig. 6, Fig. 7), the ener-
gy band gap E; of semiconductors tends to decrease as
the temperature T is increased (Fig. 6). This effect can
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Fig. 3 — Effective density of states N, versus composition x
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Fig. 4 - Intrinsic carrier density n; versus 1000/7
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Fig. 5 — Intrinsic carrier density n; versus temperature 7'

be understood if one considers that the amplitude of
atomic vibrations increases when the interatomic spac-
ing increases owing to increased thermal energy. High
doping densities cause the energy band gap E; to re-
duce (Fig. 7). This behavior is demonstrated by the fact
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that the wave functions of the electrons bound to the
impurity atoms start to overlap as the impurity density
increases. This overlap forces the energies to form an
energy band rather than a discreet level.

25 : : : : : : '
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Fig. 6 — Temperature dependence of the energy band gap (Eg)
of aluminum arsenide (AlAs) and gallium arsenide (GaAs)
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Fig. 7- Doping dependence of the energy band gap (Eg) of
aluminum arsenide (AlAs) and gallium arsenide (GaAs)

4. CONCLUSIONS

In the course of the development of advanced semi-
conductor devices using multi-material semiconductors,
II1-V materials therefore offer many possibilities for
fast microelectronics, optoelectronics, photonics, etc.
The transitions between the valence and conduction
bands will then usually radiative. This characteristic
gives them remarkable optical properties (photon emis-
sion by recombination “band to band” excess carriers
allowing their use for the manufacture of lasers or light
emitting diodes, good electron-photon conversion effi-
ciency can be used in photodetection). Among them is a
ternary compound of group III-V materials, named
aluminum gallium arsenide Al.Gai - xAs.

In this work, the effective density of states (n. and
ny) in the conduction and valence bands, respectively,
intrinsic carrier density n; (AlAs, GaAs, Alo3Gao.7As
and AloeGao.sAs for x=1, 0, 0.3 and 0.6, respectively)
and some other important characteristics, such as the
temperature dependence of the energy band gap (E,)
(AlAs and GaAs for x =1 and 0, respectively) and the
doping dependence of the energy band gap (Eg) (AlAs
and GaAs for x=1 and 0, respectively) of Al.Gai-xAs
semiconductors have been treaded and analyzed using
MATLAB for different values of x (0 <x < 1).
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XapaKkTepHuCTUKH HAIIIBIIPOBIIHUKIB aioMiHisoBaHoro apceniny ramaio (AlGai - xAs)
3a nonomoroio MATLAB

Abdelkrim Mostefail2

1 Department of Electronics, Faculty of Electrical Engineering, University of Sidi Bel Abbes, Algeria
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OpHien 3 OCHOBHMX XapaKTEPUCTUK HAIIBIIPOBIAHUKIB € Te, II0 BOHU MOXKYTh OyTH JIETOBAHI JOMIIIKA-
MU JUUISI 3MIHM 1X eJIEKTPUYHHUX BJIACTHBOCTEH. BiracTWBOCTI HAIIBIIPOBIIHUKIB XapPaKTePU3YIOTHCS 30HHOIO
Teopiero. 1[s1 Mosesib cTBepIIKyE, M0 €JIEKTPOH Y TBEPOMY TLIII MOKe MPUUAMATH 3HAYEHHS €Hepril JIUIIe B
MeBHUX Jlalas3oHax, Ikl HA3WBAIOTHCS JIO3BOJICHUMHE 30HAMU, IO PO3IIJIEH] 1HIMMA 30HAMU, K1 HA3WBa-
0ThCsL 3abopoHeHnMu 3oHamu. LI Marepianyr B OCHOBHOMY BHKOPHCTOBYIOTHCS B €JIEKTPOHIII (Iiofu, TpaH-
3WCTOPH TOIIO), MIKPOEJEKTPOHII JJI 1HTeTPaIbHUX CXeM, B COHSYHUX eJIEMEeHTaX Ta ONTOeJIEKTPOHHUX
IpUCTPOsIX, TaKuX K cBiTyogionu. Hamisoporiguuku III-V mpencraBisiors 3HauHMit iHTEpec depe3 cBol
BJIACTHBOCTI, BOHH MIITHI, MAIOTh BHCOKY TEILIOIIPOBIIHICTE 1 IIpsiMy 3abopoHeHy 30HY. IIpucrpoi Ta cxemu B
rpymi HamiBnposiguukis I11-V sasxan Oyu BiZoMi CBOEI0 BHCOKOIO IIBUAKICTIO, 4 TAKOMK JOPOTMM BHUPOOHM-
IITBOM Ta MEHIIIO0 IHTerpaIrieo IOPiBHAHO 3 KPeMHIeBUMU. ¥ Il poOoTi Mozesi e)eKTUBHOI I'YCTHHU CTAHIB
(N¢ 1 Ny) y 30HI IPOBIAHOCTI Ta BAJIEHTHIN 30HI, BJIACHOI TYCTHHU HOCIIB 7;, TEMIIEPATYPHOI 3aJI€KHOCTI eHe-
pretuduHol 3ab6oporeHoi 30U (E,) Ta 3aJIesHOCTI BiJ JIeryBaHHA IIUPUHK 3a0opoHeHoi 3ouu (E,) HamBIpo-
BIJHUKIB aynfoMiHi3oBaHOro apceniny ramio (Al:Ga: - <As) anamisyorscs 3a gornomororo MATLAB st pisaux

amavenb x (0 <x < 1).

Kmrouosi cnosa: AlGaAs, GaAs, AlAs, Temmneparypa, Hamisnposigauku 111-V, Exepreruuni souu, ['ycruna

craniB, BiiacHa ryctuHa HOCIIB.
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