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Abstract— We investigated the optical absorption of n-doped
GaN0.38yAs1-1.38ySby/GaAs quantum wells (QWs) using a self-
consistent calculation combined with the 16-band anti-crossing
model. GaNAsSb material seems to be a potential alternative for
GaAs-based photodetectors operating at 0.8 - 1 eV energy range.
The increase of the well width from 4 to 10 nm in GaN(0.38yAs1-
1.38ySby/GaAs QWs caused a red-shift of the fundamental
transition energy accompanied with a significant decrease of
the absorption coefficient. The wavelength emission of the
studied QWs achieved the values 0.8 and 0.95 eV for specific
values of Sb composition. A rise of doping density induced an
increase of . The Stark effect on energy and was also
discussed. Additionally, was adjusted in order to obtain the
energies 0.8 and 0.95 eV of the electrically polarized
GaNAsSb/GaAs QWs.

Keywords— GaNAsSb/GaAs QWs; Absorption coefficient; n
doping; Stark effect; energy range 0.8 — 1 eV.

1. INTRODUCTION

Over the past few years, GaNAsSb material has considered
to be an alternative candidate for GaAs-based 0.8 - 1 eV
photodetectors [1,2] and photovoltaic cells [3,4]. These
materials show a rapid band gap reduction covering a large
infrared range [5,6]. The dependence of the band gap energy
of GaN,As;._, alloys on the N composition can be theoretically
exhibited by using the conduction band anticrossing model
(C-BAC). The rate of band gap reduction for this material
was found to be around 180 meV/%N [7-9]. For GaSb,As,.,,
the Sb composition dependence of the band gap energy can
be described by the valence band anticrossing model (V-
BAC). This alloy displays 16 meV/%Sb as a rate of the band
gap reduction [10,11]. The combination of V-BAC and C-
BAC models offers the possibility of examining the electronic
band structure of GaN,As,..,Sb, quaternary alloy [12,13].
The x and y-dependence of the band gap energy of GaN,As; .
b, can be modeled in a large composition range

simultaneous incorporation of N and Sb atoms affects the
conduction and valence bands leading to a rapid reduction of
band gap energy which reached a minimum value of 0.5 eV
(i.e. 2.48 um). Experimentally, the optical measurements of
the elaborated GaN,As,.,.,Sb,/GaAs structures show that the
value of band gap energy is around 0.80 eV (i.e. 1.55 um) for

the couples (N 003 yg = ':'-15) [15], Xn = 0.03
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¥, = EIEIJ) [16] and (.Th,- = ﬂﬂl’ ¥ = 031) [17].

The energy 0.95 eV was obtained for the couples
(¥n = 0.02 Y = 0.12 ) [5] and (Xn = 0.02 ,

Vs = l:"1'3) [18]. Moreover, the subbands and inter-band
transition of un-doped GaAs/GaN,As,.,.,Sb,/GaAs QWs were
calculated using the envelope function approximation [19].
The study of n doping and Stark effects on the band structure
and inter-band transition of GaAs/GaN,As,.,.,Sb,/GaAs single
quantum well (SQW) can be useful to enhance the optical
absorption process at the energies 0.8 and 0.95 eV.

The aim of this work is to investigate the n doping effect
on the electronic band structure and optical absorption of
GaAs/GaN,As,.,.,Sb,/GaAs SQW. The increase of the well
width from 4 to 10 nm causes a red-shift of the fundamental
transition energy as well as a decrease of the absorption
coefficient. Specific values of Sb composition give rise to the
energies emissions 0.8 and 0.95 eV of un-doped SQW.
Owing to doping effect, the absorption process is enhanced.
The Stark effect on the optical transition and absorption was
also examined. Sb composition was adjusted in order to
obtain electrically polarized GaAs/GaN,As,.,.,Sb,/GaAs
SQW operating exactly at 0.8 and 0.95eV.

The (16x16) Hamiltonian can describe the electronic band
structure of bulk GaNxAs1-x-ySby [20,21]:

fymod VN{:xB}
_ gxg |
Higoie = ShiEwxE)
I‘{-.,r(gx:} Vsb(sxe} H,a:,sa- (2wa)

(1a)

mod
where Hgyg is the modified (8 x8) k.p matrix by adding
AECBM, AEVBM and AEso (bands edges offsets between

GaAs and GaSb) to the diagonal elements [21]. H*"-"*—"'b':gx )
matrix is formed by the energies levels of N atoms (EN) and
Sb atoms (ESb and spin-orbit splitting level ESb-so):
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(1b)

Vsp(exe) matrix is formed by the term

Veu [}’] = Cgp }’1;'

describing the coupling between Sb

isoelectronic localized states and extended valence band (VB):

00V,(y) 00O0O0O0
0 0 Vg,(v)O 0O 0OO
0 Vg(y)0 0 0
0 0Vgy(y)0 O
00 0 Vy(y) O
000 0 Vg(y)

Veprexs) =

o o o o
[ T e TR e Y e e
[ T e T . e

(1o
CSb is a fitting parameter taken equal to 1.05 eV [10].
Similar to Sb levels interactions with VB states, the matrix

. — 1/2
Vii(2xe) is composed of the term Vi () = Cy x and
reveals the coupling between the N localized states and the
extended conduction band (CB) states. The matrix
Vi

{2x8) can be written as:
_"i.-".,;(x] 0O00O0O0O0O0
Vi(axe) = ( 0 Vy(x) 00 00O n)
(1d)

CN is a fitting parameter equal to 2.7 eV [22]. The BAC
parameters used in this work are reported in TABLE I.
GaNxAsl-x-ySby material can be lattice-matched to GaAs
x/v =038 [22].

with a concentration ratio
TABLE 1

A Summary of BAC parameters used in this work. EN represents the N

localized level. ESb and ESb-so are Sb localized levels. CN and CSb are

E AFE E
fitting parameters. CEM, VEM \nd 50 are conduction,

valence and spin-orbit splitting band edges offsets, respectively.

Parameters EN CN ESb EsS(:) .
(eV) (eV) (eV) (eV)
GaNAsSb 1.65 2.7 -1.0 -1.6

[10,20] [10,20] [10] [10]
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CSb  AEygy AE gy AEg,

Parameters (V) ) ) )
GaNAsSb 1.05 0.5 -0.1 0.09
[10] [10] [10] [10]

For GaNxAsl-x-ySby/GaAs QWs, subbands and confined
potential can be computed using the envelope function
approximation [23,24]. The total Hamiltonian is given by the
H=H+H

following expression: =, where

Il . . . . .
is the Hamiltonian of system in a direction

¥ F o —
parallel to the GaNAsSb-GaAs interface. "Mt (* = % for
electron and h for heavy hole) is the carrier effective mass in

H=-2v L v+v()

k” -direction. mle} is the

Hamiltonian of the system in quantizing z-direction where

V(z j is the total potential energy. For un-doped

GaNAsSb/GaAs QWs, V[z j is restricted to the band

discontinuity Ug (Z ) between the GaAs barrier and
GaNAsSb well. For n doped GaNAsSb/GaAs QWs, the
coupled Schrédinger—Poisson equations are written as [25,26]:

(-Lv. ST T Us () Un(2) + Ue(2) +
e&ﬁun=%%wj
(2a)
d* Uy (=)
LU = = ,(2) —n(2))
(2b)
E; and %i (2) are, respectively, the eigenvalues and

eigenvectors of Hz. The envelope wavefunctions Pj (2)

satisfy the boundary condition at the interfaces (z = ﬂ) and

[z = ij. UH (Zj and ch(zj are the Hartree and

exchange-correlation potentials respectively. Uy (2) is
obtained by solving the Poisson equation discretized using the
finite differences method (FDM) taking into account the
boundary conditions. The exchange-correlation potential

xc (2) is induced by the many-body effects [27]. eFz
the potential induced by the applied electric field. N d (z j and

n(z j are the donor and confined electron density
respectively. e is the absolute value of the electron charge and
€0%r is the local dielectric constant of the medium. The
equations (2a) and (2b) were discretized along the
confinement z-direction using the FDM.
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To solve the coupled Schrodinger-Poisson equations, an
iterative procedure was used. More calculation details of
subbands, confined electron density, Fermi level, absorption
coefficient and quantum confinement Stark effect are
reported in references [26,28].

II. RESULTS AND DISCUSSION

We have theoretically examined the electronic band
structure of un-doped GaNxAs/-x-ySby/GaAs SQW. In fact,
quantum well GaNxAs/-x-ySby layer is lattice-matched to

barrier GaAs using the ratio x/ y =038 [22]. Sb

introduces two localized levels ESE:' and EEb—Sﬂ situated at
1.0 and 1.6 eV below the GaAs VB edge, respectively [10]. N

localized level Ey is positioned at 0.23 eV above the GaAs
CB edge [22]. According to the QWs confinement conditions,

the well width L. domain was optimized basing on the
following expressions:

L™ = qh//2m¥ Uy

(3a)
max — ‘AL?' -1 |I { ?J’I:r N :1:1112r )
L% _cos HIErhx Us &+ En(1-TF
(3b)
w b
where e and ¢ are the electron effective mass of well
GaNAsSb and barrier GaAs, respectively.
—
Ay = 2nh/y 2ml kT and Een = kgT are the De

Broglie thermal the thermal

min
respectively. For GaNAsSb/GaAs QWs QW, Ly and

Tax
L are equal to 3.6 and 11.3 nm, respectively. As shown
in the inset of Fig. 1, the fundamental inter-band transition

T

gl—h1 is between the electron subband e/ and the heavy
hole subband hl. Fig. 1 shows the dependence of the
T

transition energy * #1—#1 on the Sb composition ¥5& (i.e. N
.'1'1-,‘,- = 0.38 _V_._-_-b) for L

wavelength and energy,

composition w varying from 4 to 10

nm. The increase of ¥5& induces a significant decrease of

Tai—hl. Due to the band anticrossing effect, the coupling

interaction between Sb localized levels and the valence band
maximum VBM of GaAs leads to a rise of the VBM of
GaAs/-ySby [12-14]. The coupling interaction between N
level and the conduction band minimum CBM of GaAs
makes the CBM of GaN,As;, move downward [7-9]. Along
the z-quantizing direction of the studied GaAs/GaN0.38yAs]-
1.38ySby/GaAs SQW, the confined electrons level el and
heavy holes level hl move downward and upward with the
rise of Sb composition, respectively. The wavelength of the

fundamental transition H’Tsl—hl achieves 1.3 and 1.55 um
(i.e. 0.95 and 0.80 eV, respectively) for specific values of

¥sb (as displayed in Fig. 1).
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Fig. 1. Dependence of the transition energy Tsl—hl of GaAs/GaNj3gyAs;.

1.38y9b,/GaAs SQW on Sb composition Y25 for different values of the well
width L. The band diagram of subbands is presented in Inset figure.

The variation of the absorption coefficient @abs of
GaAs/GaN0.38yAsI-1.38 ySby/GaAs SQW as a function of

the well width L

L.,=4nmAd

w is shown in Fig. (2a and 2b). For

Tel—-hl can be equal to 1.3 pm and 1.55 um

for ¥sp = 130% ,pq 18.1% respectively. The
Ter-he
absorption coefficient magnitude @ aps is around

4 =] -1
5.8 10 and 6.9 107 cm , respectively. Then, the

increase of Ly from 4 to 10 nm induces a significant red-shift
of Te1-n1 energy. To correct this shift, we adjusted the ¥5&
for each used value of Lw. The adjusted Vs is equal to 10.8
%, 97 % and 9.1 % for Lw = © T 8 nm and 10 nm,

respectively. Likewise, the rise of Ly causes a decrease of

a:i';_h;. For “11'91—?21 =13 “m, aii;_h; reduces to
9.7 10% em™* when Ly reaches 10 nm. For
Arer-n1 = 1.55 um , cxi-i';‘h'- decreases  to
9.9 10% em™ for L,=10 M We noted the presence

of two allowed transition Tsl—h!i and Tsl—hf in the

absorption spectra for L,=z8 MM a5 shown in the insets
zoom figures. Experimentally, Ohtani et al. [29] investigated
the well width dependence of optical absorption in n-doped
InAs/AlISb quantum structures. They signaled a red-shift of
the absorption peak with increasing the well width.


PC2
Texte tapé à la machine
International Journal of Control, Energy and Electrical Engineering (CEEE)
Vol.9 pp.20-25

PC2
Texte tapé à la machine
Copyright 2019
ISSN 2356-5608


Internationallournalof Control, EnergyandElectricalEngineering CEEE
Vol.9 pp.20-25

8r (a) 10 nm \~:‘~/(X5)
- - 8nm Te1hs '~
-+ 6 nm b
- 6- —— 4 nm
£
)
“o 4 [ Me1.n =13 pm
At
»
&

10 nm <~ T
- - 8 nm N \e1-\h3 /(x5)
- .+ 6 nm LN -
—— 4 nm

0.85 0.90 0.95 1.00

®,ps (10* em™)

Fig. 2. Well width dependence of the absorption coefficient Xaps of

GaAs/GaN 3syAs)-1.33y9b,/GaAs SQW for Tal—hl equal to (a) 1.3 um and
(b) 1.55 um.

In order to enhance the optical absorption process, we
have studied the n doping effect on the electronic and optical
properties of GaAs/GaN0.38yAsI-1.38 ySby/GaAs SQW.

T

The dependence of the fundamental transition “ #1—k1 energy

D
on the in-plane donor density Na is presented in Fig. 3a.

The well width is L,=4 M The Sb compositions give

rise to“:I'I'ai—hl =13 and 1.55 pm are 13.0 % and 18.1 %,

D 11
respectively. The used Na 110 and

3102 om™®
that Te1-n1 energy shifts of 10 meV to higher energies. The
obtained behavior is mainly due to the band-bending effect at
the interface GaNAsSb (well) —GaAs (barrier). The rise of
doping density causes the change of subbands positions and
the enhancement of the electrons confinement. Likewise, we
signaled in our previous work [25] a blue-shift (~10 meV) in
n-doped GaAs/GaNO0.58yAsl-1.58yBiy/GaAs QWs when the

in-plane doping density reaches 2210% cm " In another
study, Kim et al. [30] studied the doping effect on the optical
properties of GaAs 765b ,4/In ,sGa 7N gsAS 0/GaAs QWs.
They stated that the fundamental transition shifts of 20 meV

range is between

. Owing to n doping effect, we have found
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to blue when the in-plane carrier density increases to 5 10"
cm™. It should be noted that the difference of the transition
energy shift value of GaNO0.38yAsI-1.38 ySby/GaAs QWs
compared to other systems may be due to the difference in
their physical properties such as the total confining potential,
range of doping density and carrier effective masses. On the

other hand, we suggested adjusting the Sb composition Ysp
2D
for each value of Nz in order to keep the fundamental

transition wavelength Ar, 1-h: equal to 1.3 and 1.55 pm.
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Fig. 3. Variation of (a) the transition energy Tal—hl and (b) the

Ter-he

absorption  coefficient magnitude abs of GaAs/GaNgsyAs).

2D
1.38y9b,/GaAs SQW as a function of the in-plane donor density d

In Fig. 3b, we plotted the variation of the absorption
T,

e1—h1
coefficient magnitude @abs  at the fundamental transition
Toy-n1 =13 4155

N;D

um as a function of the in-plane

. In fact, Y51 values are in the ranges 13.1
= 1.3 um
and

donor density

— 134 % and 18.3 — 18.6 % for‘;L
1.55 pym

Ter—ha

, respectively. For‘;l're-_—h-_ =13 Hm, we found
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Ter-he 4 5 -1
ﬁis increases from 6.8 10 to +8 10° cm

2D 11 1z —2
NP o on110% 310% em

that &

. In the
= 1.55 um

with increasing

same donor density range and for ATE"_—?!'_

Ter-h1 4 5 -1
@ rises from 8-2 107 (( 13.6 10° cm™ " Ty

behavior was reported in the study of InGaN/GaN LEDs
structures [31] and n-doped GaNAsBi/GaAs QWs and
[25].0n the other hand, Tan et al. [32] experimentally
investigated the absorption in GaNAsSb/GaAs p-i-n
photodetectors at the wavelength 1.3 um. They stated that the
absorption coefficient is about 1.3 10* cm™.

We have investigated the effect of the applied electric field
on the optical absorption and inter-band transition in n-doped
GaAs/GaN0.38yAs1-1.38 ySby/GaAs SQW. The in-plane

o 12 -2
Ng is equal to 3107 cm . Fig. 4a

without an applied electric field

donor density
exhibits  that
F=10 kamn’ the use of Sb compositions 13.4 % and 18.6
% gives rise to a fundamental transition To1-n1 equal to 0.95
(i.e. 1.3 um) and 0.80 eV (i.e. 1.55 um), respectively. Under

an external electric field of up to F =140 kV/ €M the

T

fundamental transition “#1-k1 energy shifts (~20 meV) to
lower energies due to the quantum confined Stark effect. This
red shift can be attributed to the modification of the electron
and hole subbands under the effect of the applied electric
field [33]. The Stark effect is more pronounced for holes as a
consequence of their heavier effective masses and the lower
valence band edge offset [34]. In order to maintain the

wavelength ‘H'T-_—h-_ at 1.3 uym and 1.55 pm for each used
value of the applied electric field, we adjusted the Sb

composition ¥ as shown in Fig. 4b. The dependence of the
Ter-he
absorption coefficient magnitude @ aps

Te1-n1 on the electric field F is displayed in Fig.
= Terha
4c. For H’I'E..__I-,!,_ 1.3 um ’ a

“abs decreases from
4810° cm ™t 4.210% em™t

at the fundamental

transition

when F increases from

— Tes-hz
zero up to 140 kV/cm. For’lTe-_-h-_ L.55 pm’ % abs

5 -1 rl -1
decreases from 13.6 10° cm to 4.7 107 cm with

increasing F to the value of 140 kV/cm. In another study, Kuo
et al. [35] investigated the Stark effect the on absorption
coefficient spectra of Ge/SiGe QWs operating at 1.55 pm.
They signaled that the absorption coefficient magnitude
decreases from 104 cm-1 to 2 103 cm-1 when the bias voltage
rises from zero to 2 V. The theoretical optimization of the
Stark effect on the optoelectronic properties of such QWs
improves the absorption process at the telecomm wavelengths
1.3 and 1.55 pym. The present investigation could be useful
for the elaboration of highly efficient photodetectors based on
n-doped GaNAsSb/GaAs QWs.
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Fig. 4. Electric field dependence of (a) the transition energy Tal—hl, (b)

the adjusted value of Sb composition ¥sb and (c) the absorption coefficient

Ter—h:

magnitude anbs of GaAs/GaN 33yAs).1 33,5b,/GaAs SQW.

III. CONCLUSION

In summary, we have theoretically investigated the n
doping effect on the electronic and optical absorption of
lattice-matched GaAs/GaN0.38yAs1-1.38 ySby/GaAs SQW
operating at 1.3 and 1.55 pm. We have performed a self-
consistent calculation combined with (16x16) BAC model.
For each value well width ranging from 4 to 10 nm, the use
of specific Sb composition gives rise to the wavelengths
emissions and . The increase of causes a significant
decrease of absorption coefficient magnitude . This latter is
enhanced to when the studied SQW is n doped with of up
to . The Stark shift (.20 meV) of the fundamental transition
energy is stated when SQW is under an applied electric field
F of up to 140 kV/cm. Sb composition is adjusted for each
value of F to keep at 1.3 and 1.55 um. The increase of the
external electric field induces a slight decrease of the
absorption coefficient.
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