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The basis of operation of modern electronics components — diodes, transistors, etc. — is the ability to
control the electrical conductivity of semiconductors by doping, that is, by introducing impurities into the
material. Semiconductors doped differently can be brought into contact to create junctions for controlling
the direction and quantity of the current flowing through the assembly. Some examples of semiconductors
are silicon (Si), germanium (Ge) and gallium arsenide (GaAs). These substances are close to insulators (in-
trinsic semiconductors), but the addition of a small amount of dopant leads to a strong drop in electrical re-
sistance, turning them into conductors. Depending on the kind of dopant, n-type or p-type semiconductor
can be made. Silicon is a critical element for fabricating most electronic circuits. Silicon (Si) is a pure crys-
talline semiconductor material; it is the well-known and most used material. After silicon (Si), gallium ar-
senide (GaAs) is the second most common semiconductor used in laser diodes, solar cells, microwave-
frequency integrated circuits and others. This paper presents a comparison between the energy band gap
E; as a function of temperature 7, energy band gap E; as a function of doping density and intrinsic carrier
density n; of silicon (Si) and gallium arsenide (GaAs) using MATLAB.
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1. INTRODUCTION

Silicon (Si) is a widely used semiconductor material
[1, 2]. Their characteristics are similar to insulators
(intrinsic semiconductors), but the presence of a small
amount of dopant causes them to decrease electrical
resistance and turns them into conductors. It is possi-
ble to make a semiconductor of n-type or p-type, de-
pending on the type of dopant. n-type semiconductor is
an intrinsic semiconductor doped with phosphorus (P),
arsenic (As), or antimony (Sb) as an impurity. Silicon of
group IV elements has four valence electrons and
phosphorus of group V elements has five valence elec-
trons. p-type semiconductor is an intrinsic semiconduc-
tor doped with boron (B) or indium (In). Boron of group
IIT elements has three valence electrons. Apart from
silicon, there are compound semiconductors that com-
bine group III and V elements and group II and VI
elements. For example, GaAs, InP, etc. are commonly
used for high-frequency and optical devices. Semicon-
ductor materials are used in modern electronic compo-
nents: integrated -circuits, optoelectronics, photonics
and semiconductor devices, etc. [3-10].

Fig. 1 presents a simple energy band diagram of a
semiconductor. The valence and conduction bands are
indicated by the valence band edge Ev and the conduc-
tion band edge E., respectively; the energy band gap Eg
is located between the conduction and valence bands.
This paper describes a comparison between the energy
bands gap (temperature dependence of the energy band
gap Eg and doping density dependence of the energy
band gap Eg) and intrinsic carrier density n; of silicon
(Si) and gallium arsenide (GaAs) using MATLAB.

* mostakrimo@yahoo.fr

2077-6772/2022/14(4)04028(4)

04028-1

PACS numbers: 71.20.Mq, 71.20.Nr

, £ ,
Conduction <
band
== E.
Energy ) Eq
bandgap
; E,
Valence
band

Fig. 1 — Simple energy band diagram of a semiconductor

2. CRYSTAL STRUCTURES AND ENERGY
BANDS OF Si AND GaAs

The behavior of semiconductors, similar to that of
metals and insulators [11], is described via band theo-
ry. A direct gap is when the valence band maximum
and the conduction band minimum are at an adjacent
value of the wavenumber k in the E(k) diagram. Con-
versely, an indirect gap is when the maximum of the
valence band and the minimum of the conduction band
are at different values of the wavenumber & in the E(k)
diagram [12, 13].

The crystal structure of silicon (Si) is derived from a
face-centered cubic (fcc) lattice, called the single-atom
diamond crystal structure, as shown in Fig. 2a. Galli-
um arsenide (GaAs) has a zincblende crystal structure;
the structure is similar to the diamond crystal struc-
ture, but composed of two different atomic species, as
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shown in Fig. 2b. In a periodic crystal lattice [14], the
band structure is described in reciprocal space by the
dispersion relations E(k).
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Fig. 2 — Crystal structures of Si and GaAs

In a regular semiconductor crystal, Eg is fixed owing
to continuous energy states. In a quantum dot crystal,
E; is size-dependent and can be modified to produce a
range of energies between the valence and conduction
bands. The following expression presents the tempera-
ture dependence of the energy band gap Eg of semicon-
ductors:

aT?
T+p°

E,=E,0)- (1)

Equation (1) contains two parameters « and g [15].
The first is related to the expansion of the lattice as a
function of temperature changes. The second repre-
sents the interaction of electrons within the lattice.
Table 1 summarizes the parameters used to calculate
E; of Si and GaAs as a function of temperature 7.

Table 1 — Parameters used to calculate Eg of Si and GaAs as a
function of temperature T'

Si GaAs
E40) (eV) 1.146 1.519
a(eV/K) 0.473.10-38 0.541.10-3
BEK) 636 204

The doping density dependence of the energy band
gap E; of semiconductors is given by [16-18]:

3¢> [¢°N
AE_ (N)=- , 2
() 167z, \ e,k T @

where N is the doping density, ¢ is the electron charge,
&s 1s the dielectric constant of a semiconductor (11.7 for
Si, 12.9 for GaAs), k is the Boltzmann constant, T is the
temperature in Kelvin (300 K).

In the case of an intrinsic semiconductor [19], the
concentration of electrons in the conduction band is
identical to the concentration of holes in the valence
band. We can refer to n; and p; as the electron and hole
concentrations, respectively, in the intrinsic semiconduc-
tor. These parameters are generally called the intrinsic
electron concentration and intrinsic hole concentration.
For ni = pi, we use the parameter n; as the intrinsic car-
rier concentration or the intrinsic carrier density. The
intrinsic carrier density ni is given by [19, 20]:
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E
n,=(N,-N, )1/2 exp{— 2;7}, 3)

where N. is the effective density of states in the con-
duction band, Ny is the effective density of states in the
valence band, Eg is the energy band gap, T is the abso-
lute temperature, and k is Boltzmann constant. The
effective densities of states (N and Ny) in the conduc-
tion and valence bands are given by:

T 3/2
N, (T)= N, (300 K)[%J , @
T 3/2
N,(T)=N,(300 K)- (%j . (5)

Table 2 summarizes the values of the effective den-
sities of states (Ne and NVy) in the conduction and va-
lence bands and band gap Eg at 7= 300 K.

Table 2 — Values of N, Ny and E; at T'= 300 K

Semiconductor | Ne (cm—3) | Ny (cm—3) | Eg (eV)
Si 2.8-101° 1.07-101°9 1.1
GaAs 4.7-1017 7-1018 1.42

GaAs has electrical properties superior to those of
Si; it has a higher saturation speed of electrons and a
direct gap, which gives it superior optoelectronic proper-
ties. GaAs-based devices generate less noise at high
frequencies than silicon-based devices, they operate at
higher power. But silicon (Si) has three main ad-
vantages over GaAs; it is particularly abundant after
oxygen, the existence of natural oxide (silicon dioxide
Si02), an excellent insulator, and we can make P and N
transistors to form a CMOS gate with silicon. For these
reasons, GaAs has not replaced Si in most applications.
Fig. 3 shows the band gap structures of silicon and
GaAs and the band gap Eg of semiconductors which is
defined as the difference between the absolute mini-
mum of the conduction bands and the absolute maxi-
mum of the valence bands. For gallium arsenide (GaAs),
the maximum of the valence band and the minimum
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Fig. 3 — Energy band gap structure of Si and GaAs

04028-2



COMPARISON BETWEEN SILICON (Si) AND GALLIUM ...

of the conduction band are at an adjacent value of the
wavenumber k in the E(k) diagram, therefore it is a
direct gap semiconductor (Eg direct = 1.42 €V); and for
silicon (Si), the maximum of the valence band and the
minimum of the conduction band are at distinct values
of the wavenumber % in the E(k) diagram, therefore it
is an indirect gap semiconductor (Eg, indirect = 1.1 eV).

3. RESULTS AND DISCUSSION

In this section, some important characteristics, such
as the temperature dependence of the energy band gap
E; (Fig. 4), the doping density dependence of the energy
band gap E; (Fig. 5), and the intrinsic carrier density n;
(Fig. 6 and Fig. 7) of silicon (Si1) and gallium arsenide
(GaAs) semiconductors are examined and treated un-
der MATLAB.
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Fig. 4 — Temperature dependence of the energy band gap Eg of
silicon (Si) and gallium arsenide (GaAs)
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Fig. 5 — Doping density dependence of the energy band gap E;
of silicon (Si) and gallium arsenide (GaAs)
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Fig. 6 — Intrinsic carrier density niversus 1000/7
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Fig. 7 — Intrinsic carrier density niversus temperature 7'

The temperature dependence of the energy band
gap E; and the doping density dependence of the ener-
gy band gap E; are some of the most fundamental
properties of semiconductors and have a great influ-
ence on many different applications for many semicon-
ductor candidates. From Fig. 4, the Eg of GaAs and Si
semiconductors reduces when the temperature 7 rises.
This effect can be understood if one considers that the
amplitude of atomic vibrations rises when the intera-
tomic spacing rises due to the raised thermal energy.
The band gaps Eg of gallium arsenide (GaAs) and sili-
con (Si) semiconductor materials at 7'=300 K are
1.42 eV and 1.1 eV, respectively. From Fig. 5, a high
doping density provokes a decrease in E; of GaAs and
Si semiconductors. This is evidenced by the fact that
the wave functions of the electrons bound to the impu-
rity atoms start to overlap as the density of impurities
increase. This overlap obliged the energies to form an
energy band rather than a discreet level.

Fig. 6 and Fig. 7 show the intrinsic carrier density
n; for silicon (Si) and gallium arsenide (GaAs) as a
function of temperature. ni is a very important function
of temperature. From Fig. 6 and Fig. 7, the intrinsic
carrier density n; value for these semiconductors can
vary widely by several orders of magnitude as the tem-
perature changes over the acceptable range. The in-
trinsic carrier densities n; of gallium arsenide (GaAs)
and silicon (S1) semiconductor materials at 7= 300 K
are 2.16-10% cm —3 and 1100 ¢cm ~ 3, respectively.

4. CONCLUSIONS

This work presents the comparison between the
temperature dependence of the energy band gap Eg, the
doping density dependence of the energy band gap Fg
and the intrinsic carrier density n; of silicon (Si) and
gallium arsenide (GaAs) using MATLAB. Energy band
gap (Ey) is an energy range in a solid where no electron
states can exist. In graphs of the electronic band struc-
ture of solids, the term “band gap” refers to the energy
difference (in eV) between the top of the valence band
and the bottom of the conduction band. GaAs has a
direct gap and Si has an indirect gap. Gallium arsenide
has some electrical properties superior to those of sili-
con, but silicon has some principal advantages over
gallium arsenide. For these last reasons, gallium arse-
nide (GaAs) has not succeeded silicon (Si) in the vast
majority of applications.
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Ilopisaauna kpemHilo (Si) Ta apceniny ramiio (GaAs) sa nomomoroio MATLAB
Abdelkrim Mostefail2
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OCHOBOIO pOOOTH KOMIIOHEHTIB CyJacHOI eJIEKTPOHIKK — I10iB, TPAH3UCTOPIB, TOIIO — € MOKJIUBICTD Ke-
PYBaHHS €JIEKTPOIPOBIIHICTIO HAMIBIPOBIJHUKIB IIJIAXOM JIETYBAHHS, TOOTO BBEAEHHAM JOMIIIOK Y MaTepi-
as. Ha ocHOBI HAMIBOPOBIZHUKIB 3 PISHUMHU KOHIIEHTPALIISAMM JOMIIIOK MOYKHA COPMYBATH KOHTAKT IJIS
KepyBaHHs HAMIPSIMKOM 1 KIJIBKICTIO CTPYMY, IO MPOTIKAae depes By30J1. L[s1 BiracTWBICTH € OCHOBOIO pobOTH
KOMITOHEHTIB Cy4acHOI eJIEKTPOHIKH: JTI0/IIB, TPAH3UCTOPIB TOIIO. J[essKuMy TprKIaIaMy HAINBIIPOBITHIKIB
e kpemHii (Si), repmaniii (Ge) 1 apcenin ramio (GaAs). [11 pevoBuHu 6/IM3BEI 0 130JIATOPIB (BJIACHUX HATTI-
BITPOBITHHUKIB), aJie J0aBaHHA HEBEJIUKOI KLIBKOCTI JIEryUol JOMINIKN ITPU3BOJIUTD J0 CHJILHOTO 1A IHHSI
€JIEKTPUYHOTO OIIOPY, IIePETBOPIOIOYM IX HAa MPOBIMHUKA. 3aJIEKHO BIJ THITY JIETYIOUOl JOMIIIIKH MOYKHA BHU-
TOTOBUTH HAIIBIPOBAHUK n-Tuily abo p-tuiy. KpemHI# € KpUTHYHO BAKJIMBAM €JIEMEHTOM IJIsi BUTOTOB-
JIeHHsI OLJIBIIOCT] eslekTpoHHUX cxeM. Kpemaii (Si) € yueTrM KprCTaTidHEM HAIIBIPOBIJHUKOBUM MaTepia-
JoM; 1Ie mo0pe BimoMuii 1 HAMOLIBII BUKOPUCTOBYBaHMM Marepian. Ilicas xpemuioo (Si) apcenin rasiio
(GaAs) e npyrum 3a IOIIMPEHICTIO HAINBIIPOBITHUKOM, AKWI BUKOPHUCTOBYETHCS B JIA3EPHUX JI0AAX, COHAU-
HUX eJIeMeHTaX, MIKPOXBUJIbOBUX MIKPOCXEeMAaxX Ta 1HIMUX. ¥ CTATTI IPEICTABJICHO IMOPIBHAHHSA MK IIHPH-
HOI0 3a00poHeHol 30HU Eg ax gyHKI TeMueparypu T, IIUPpHHOIO 3a00poHeHO0l 30HU E; AK QYHKINI rycTHHN
JIETyBaHHsI Ta BJIACHOI T'yCTUHU HOCIIB n; kpeMHio (Si) 1 apceniny ramio (GaAs) 3a qomomororo MATLAB.

Kmouori ciosa: Kpewmmiit (Si), Apcenin ramio (GaAs), Emepreruyni soun, Kpucramuwi crpyxrypu, Harmi-
BrpoBigauk, MATLAB, Eneprernuna 3aboponena 3oua Fg.
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