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Changes of temperature and composition play a major role in enhancement
of the electronic properties of low-dimensional semiconductor devices.
Therefore, the interest of researchers in this field is increased. In this
article, we study the effect of both the temperature and the nitrogen ratio
on the electronic structure of Ga,In, N, As,  /InP quantum well. The band
anticrossing model, Varshni model, and Bose—Einstein model are adopted
to determine the nitrogen effect on conduction band (E_ and E,). The band
gap of Ga,Jn, ,As as ternary alloy, and band offsets (AE,, AE,) for the
Ga,In, N, As, ,/InP quantum wells are estimated as functions of nitrogen
content and temperature. The splitting of conduction band into two non-
parabolic subbands due to adding the nitrogen to GalnAs alloy contributes
into increase of the band offset of Ga,n, N,As, /InP quantum well, and
thus, into increase of the number of energy states inside the quantum
well. The results may be useful for applications in electronic and optical
devices.

3MiHM TeMIepaTypH Ta CKJAAY BiZirparoTh BaXKJIWBY POJb Yy IOJIIIIEHHL
€JIEKTPOHHUX BJIACTUBOCTEN HU3BKOBUMipPHUX HAIiBOPOBIZHUKOBUX IIPU-
ctpoiB. Tomy imTepec mociaigHuKiB mo 1miei cepu migBuiyerbes. ¥ Ik
CTaTTi MM BMBYAEMO BIJIMB AK TeMueparypu, Tak i HiTporenoBoro cmiBBija-
HOINIEHHA Ha €JEeKTPOHHY CTPYKTypy KBaHTOoBOI amm GaJln, N As, /InP.
Mopgens aHTUIIEpETUHAHHA B30H, MOAeJdb BapimHi Ta wMozeab Bose—
Ajfnmraiina TpuiHATO AJA BU3HaueHHs edeKTy HiTporeHy Ha 30HY IPOBi-
naoctu (E_ i E,). Ilupuna saboponeHoi (eHepretudynoi) 3ouu qua Ga,ln;  As
K TEepHApHOrO CcTOomy Ta 30HHI 3mimenua (AE,, AE,) njnsa KBaHTOBUX fAM
Ga,In, N,As, ,/InP ouinmiororbca Ak ¢(ymknii smicty Hirporemy Ta Temme-
parypu. PosiienjeHHs 30HU IPOBiAZHOCTM Ha ABi HemapaboJuiuuHi migs3oHm 3a
paxyHoK momaBaHHa Hitporemy mo cromy GalnAs cupuse 30iJbIITeHHIO 3Mi-
IeHHI0 30HU KBaHTOBOI amu Ga,n, N As, /InP, i, Takum unHOM, 30i1B-
IIEeHHI0 KiJIBKOCTH €HepreTUYHWX CTaHiB BcepeamHi KBaHTOBOI amu. Pe-
3yJbTaTH MOKYTHb OYTH KOPMCHi IJid 3aCTOCYBaHb B €JEKTPOHHUX i ONTHUY-
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HUX TPUCTPOAX.
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1. INTRODUCTION

GalnAs/InP is a semiconductor material formed of elements that
fall into Group III and V of the periodic table [1]. Indium phosphide
(InP) is a binary compound with a zinc blende (ZB) structure, has
direct band gap energy about 1.35 eV and 1.425 eV at 300 K and O
K, respectively. It is an important semiconductor material and is
used as a base for high speed electrical and optoelectronic devices
[2-5]. Dilute group arsenide—nitride compound semiconductors,
such as GaAsN and GaInAsN, attracted the interest of many re-
searchers [6]. The band gap energy versus lattice parameter relation
for GalnAsN, GalnAs, InP, and GaAs is shown in Fig. 1 [7]. The
InGaAsN/InP QW have been applied as waveguide diode lasers, and
diode lasers emitting [6].

In this study, we start by examining the conduction band and
electron effective mass effect with the presence of nitrogen content
of GaInNAs alloy by the BAC model. Next, it is explained the band
gap of GalnAs and GaInNAs alloys as function of temperature and
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Fig. 1. Band gap energy versus lattice parameter of GaAsN, GalnAs and
GalnAsN calculated within the framework of the BAC model for an inter-
action parameter Cy,, derived in this work. The dotted line indicates the
band gap of GaIlnAsN lattice matched to InP.
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nitrogen content by means of the use of Varshni and Bose—Einstein
models. Then, we calculate the band offsets and energy states for
the GaInNAs/InP and GalnAs/InP quantum well (QW) structures.
Finally, there are discussed the advantages of temperature and ni-
trogen content effects on the electronic properties of GaInNAs/InP
and GalnAs/InP quantum well structures.

2. THEORETICAL PART

An anticrossing interaction between the narrow band of localized
nitrogen states and the extended conduction-band states of semi-
conductor alloys can be treated using perturbation theory, leading
to the following eigenvalue equation [8, 9]:

EN _EM VMN
V. E -E

MN M N

=0. (1)

The solution to this eigenvalue problem gives us the dispersion rela-
tion for the dilute nitride:

1
1 —
E.(k) = {EN +E, (k)£ [(EN — E, k) + 4V]5,N]2} , (2)
where
2712
EM(k) — Eg(GaInAs) +h_k* . (3)
2m
For k=0,
a aT?
E,(T) = E,/*"* = E (0) - T+’ (4)
and
alnAs 2a
E,(T) = E®" = E,(0) - -5, (5)
e -1

where E, and E, are the energies of the unperturbed conduction
band edge and of the N level relative to the top of the valence band,
respectively, and V,,y is the matrix element of the term describing
the interaction and hybridization between localized N states and the
extended states.

We have gathered all the parameters necessary for band an-
ticrossing (BAC) modelling in Table 1.
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TABLE 1. Parameters used for calculations within the framework of the
BAC model.

Parameters Value | Refs.
E, 1.64 [9]
Vi Conr Y [9]
Cym 2.7 [10, 12]

TABLE 2. The values of the important parameters, which are within the
Varshni and Bose—Einstein expressions.

| E(0), eV |0, eV/(K-109|B, K| E(0), eV |ag eV] 6 K Refs.
GaInNAs1.067 (0.961) 6 500 1.063(0.957) 0.137 360 [9]
GalnAs 1.347(1.221) 6 300 1.346(1.22) 0.07 180 [9]
InP  1.425(1.35) — — — — — 3]

Ei (k) =

2,2 272°\2 2| (6
1 [ B, + B 1 J , K B, - g0 ] anJ . 4%} ()
Within the Varshni model [11, 15],

oT?
T+B’

E,(T)=E,(0) - (7

where E (0) is the energy gap at absolute zero, T is an absolute
temperature, and

Eir(T) =

_1 (EN+Eg(O)— of” Ji[{EN—(Eg(O)— of” B +4me} ®
2 T+B T+B

Constants B and o have the values listed in Table 2.
Within the Bose—Einstein model [13, 14],

E,(T) = E,(0) - 2%, )

e —1

where 05 = E/kg is the temperature of the phonon oscillator.
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E(T) =

2 2
2a 2a (10)
o ||| By —| E,(0)— -2 +4V2,

e -1 el -1

1
= 1| Bs + B0 -

The electron effective mass m,” for the GaInNAs is much greater
than that for the GalnAs with the same In concentration, and in-
creases as the N concentration increasing up to 1% [17]. It can be
evaluated as in Ref. [19] from the dispersion relations displayed in

Eq. (2),
|EN — Eg| )
(Ey - E,) +4V2,

m,” = 2m," @91 1+

e

(11)

3. RESULTS AND DISCUSSION

According to the BAC model, the interaction between the highly lo-
calized nitrogen states (Ey) and the extended conduction band states
for the host GalnAs semiconductor matrix leads to a splitting of the
conduction band into energy states (E_. and E.,) as illustrated in
Fig. 2. Figure 2 shows a distinct flattening of the conduction band
E_ for energies approaching the E, (for k~0.15n/a). For compari-
son, the unperturbed GalnAs conduction band and the position of
the nitrogen level are shown.

Figure 3 shows dispersion relations for the conduction E, and E_

Energy, eV

0.8 : ; : . .
-0.15 -0.10 005 000 005 0.10 0.15
K(2n/a)

Fig. 2. BAC-model E(k)-band plots at 300 K.



20 Hassan T. B. ALHAMMADE

Fig. 3. Calculated dispersion relations E (k) and E.(k) for Ga,In, N,As,_,
for three different electron effective masses.
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Fig. 4. The theoretical temperature dependence of the band-gap energy E,,
E,, and E_ for Ga,n, N ,As, /InP QW at different nitrogen ratios (y =0,
0.015) by the Varshni and B-E formulas in the range 0—300 K. The upper
and under curves are calculated with Eqs. (7) and (10), whereas the middle
curves are calculated by Egs. (7) and (9).

subbands for Ga,n, N,As, , at different electron effective masses.
The strength of anticrossing interaction between the localized and
delocalized states varies across the different conduction-band mini-
ma (points X, L, I'), changing the fundamental nature of the gap.
As noted from Figure 3, the conduction E, and E_ subbands at the
I-point (k=0) is not changed with increasing electron effective
mass, and on the contrary, at X and L points.

The theoretical temperature dependence of the E, and E_ energies
for GaxIn, N As, , alloy at different nitrogen ratios in the range
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0-300 K is shown in Fig. 4.

The energy gap of semiconductors tends to reduce as the temper-
ature is increased. This behaviour can be better understood, if we
consider that the interatomic spacing is expanded due to the ampli-
tude of the atomic vibrations increased because of the increasing of
thermal energy. This effect is specified by the linear expansion co-
efficient of the material; however, the increase of interatomic spac-
ing will reduce the potential between the electrons in the material
that, in turn, reduces the value of the energy gap. Temperature de-
pendence of energy gap, E,, in Ga,In, ;As alloy (middle curves) was
calculated by means of the Varshni and B—E formulas.

Nitrogen-content dependence of E_ and E. transitions is shown in
Fig. 5. The results in Fig. 5 show a dramatic difference in the N-
composition dependence of the low-energy E_ and E. transitions at
the I' point. The E_ and E, transitions show a very strong, nonline-
ar dependence on the N content. The lines show the calculated de-
pendences for E_ and E, using the BAC model.

The calculated band offsets (AE., AE,) for N-containing system

Ga,In, N, As,

=)
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Fig. 5. Nitrogen-composition dependence of E_ and E, energies. The curves
represent the BAC-model predictions for Ga,In, ,N As, /InP QW.

TABLE 3. Calculated band offsets (AE,, AE,) for GaJIn, N,As, /InP QW
at different temperatures (7'=0 K, 300 K) and the nitrogen content (y =0,
0.015%).

y, % | T, K | AE,, meV AE,, meV
0 0 25 53
300 41 88
0.015 0 115 244

300 124 256
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TABLE 4. Bound state energies of the 10 nm thickness Ga,In, N As, /InP
QW at 300 K calculated using the finite well model.

Quantum number, | Electron energy e,, | Heavy hole kh,, | Light hole ki,

n meV meV meV
1 23 13 48
2 92 52 192
3 — 117 —
4 — 208 —

TABLE 5. Bound state energies of the 10 nm thickness Ga,In; ,As/InP QW
at 300 K calculated using the finite well model.

Quantum number, | Electron energy e,, | Heavy hole kh,, | Light hole ki,

n meV meV meV
1 17.6 6 31
2 — 25 —
3 — 56 —

QW and another N-free QW are shown in Table 3. The effect of
both temperature and nitrogen on the band offset is strongly ob-
served. As seen from Table 3, the band offsets are increased with an
increase in both temperature and nitrogen content in
Gay 37Ing 63N 015480 055 and Gag 57In, 45As alloys. This leads to an in-
crease in the energy states inside the quantum well that, in turn,
leads to an improvement in the electronic and optical applications of
the devices. This result is agreed with [18].

For comparison between N-containing system QW and another N-
free QW, the bound state energies [in meV units] for both systems
at room temperature are shown in Tables 4 and 5, respectively.

4. CONCLUSION

This study has shown that nitrogen has a large effect on the con-
duction band structure. The results show that the addition of a few
percent of N into GalnAs to form GaInNAs alloys leads to reducing
the energy gap close to the I" point. In addition, the dispersion rela-
tions show effective mass independent on electrons especially at the
points I' and L. In contrast, there are shown its temperature de-
pendence. The band offsets also are affected by an increase of ni-
trogen content. This one leads to an increase of the bound states
inside the Ga/Jn, N,As, /InP quantum well. Consequently, the
transported charge carriers in the well are increased, and this one
leads to improving the performance of the devices.
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