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This article reports the study of the characteristic behavior of current in function of applied voltage for a double-barrier heterostructure
(DBH) of InAsAl/InAsN/InAsAl, considering low Nitrogen concentrations (1%) for different temperature values and with a magnetic

field applied parallel and/or perpendicular to the double barrier system. This work used the theory of non-equilibrium Green’s function
(NEGF). The current-voltage curves show new resonant states due to the incorporation of Nitrogen in the quantum well and the intensity of
these peaks diminishes with the increased temperature. In addition, our results show that the effect of the applied magnetic field perpendicula
to the current is stronger compared with the applied magnetic field parallel to the current, yielding a behavior similar to the experimental data
by Di Paola [Sci. Rep. 2016; 6, 32039].
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1. Introduction luminescence (PL) spectrum studies in InAsN alloys, which
contain up to 1% N, localized states were observed within the
conduction band. In addition, the intensity of the PL emission
?)eaks of the samples containing N are higher than in the InAs
amples [6]. From the PL spectrum data, dependence on the
andgap energy in function of N concentration is observed,
owing its decrease as N content increases [7]. Kuebda
Gl., [8] conducted a study on InAsN films in block and single

devices for use in detection or emission at mid-infrared wavey - .\ el (SQW) of InAsN/GaAs with high N concen-
Iengths. These properties hfave been repprted n d_|verse eg'ations. In their experimental results, they found that as N
perimental [1-8] and theoretical [9,10] articles. Skihal.,

___concentration increased: i) the optical absorption spectrum is
[1.] conducted a study on samples of !nAsN block Iaygrs Wlthblue-shifted due to the Burstein-Moss (BM) effect. This ef-
different N concentrations, with their results showing that

the ab i £ InASN is hiaher than that of InA fect is dominant near the edge of the band in InAsN films;
€ absorption energy ot InAsN 1S figher than that ot in Sii) the PL spectrum shows a red-shift due to the bandgap nar-
and the bandgap energy of InAsN decreases as the N co

tration i besides findi ) in the eff Péwing and the BM effect is negligible in the INASN/GaAs
tc_en ration w;crleafes, gs;hes 'T X\gNan”mcre?\;lse N te € _eg'QWs. Benaissat al., [9] using ab-initio methods, calcu-
t|ve mass ot elec ro?s n q ﬁ'STI nﬁ S ¢ 6}[ %YS' agljne Or€SIS[5ted the lattice constant as a function of the N concentration
ance measurements and Hall effect studies on ingN, q(O < x < 0.14); a deviation from Vegard'’s law is observed

) n their results for the variation of the InAsN lattice constant.
ility is i 3 —1g-1 - A

bility is in the order of6 x 10° cPV~1s" at 300 K. Cy The lattice parameter calculated in the order of ABGrees

clotron resonance studies showed a systematic increase Wth the experimental value of 6 at a concentration of
the cyclotron mass of electrons, with increased N concen-

. . . ) x = 0. In addition, they calculated the energy gap, finding
tration [2, 3]. Hanget al, [4] investigated the Shubnikov-de its decrease with increased aluminum concentration. Gued-

{—Iaas Oﬁc'”awns (;fl a;wo-(li;rr}lerggal e_lﬁ]crronh?as ": qltjanaim and Bouarissa [10] studied the electronic band structure
un; Wells (?. ds)o n f‘}f: |3 ? di S,t\rllwtthow p C?_n ent  of ternary dilute InAs_.N,. alloys, using the pseudopoten-
and an applied magnetic fieid, inding that the eflective masg,, method, they reported the dispersion relation for the sys-

of electrons Increases and .the carrier mobility is mark(.adlytem, showing that it is a direct gap semiconductor material.
decreased when incorporating a small amount of N; this i

Currently, the fabrication of semiconductor heterostructure
by materials from groups Il and V of the periodic table
with low concentrations of Nitrogen N has been considere
of great interest. These systems have shown new reson
states, creating new possibilities to develop optoelectroni

) X A non-linearly with increasing N concentration.
alloys with0 < = < 0.88 %. Kudrawiecet al, [5] indi- y g

cate in their result that incorporating approximately 1% N  Inthe last decade, Zener tunneling has been observed due
in InAs reduces the energy gap around 60 meV. In phototo the transport of electrons from the valence band to the con-
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duction band and new properties appearing in Ill-V semicon2. Theory

ductors when N atoms are incorporated, propitiating possible

new applications in optoelectronic devices [11, 12]. Di Paolal0 describe the characteristic current vs voltage for a DBH,

et al, [11] conducted the study on InAsAl/inAsN/InAsAl the study followed the theoretical model proposed by R.

double-barrier resonant tunneling diodes (RTDs); in their reS0lizadeh-Mojarad and S. Datta [16]. Current through the

port of the characteristic current vs. voltage curves, a peak’BH is given by:

is observed at a voltagé ~ 0.06 V, originated by the in- e [T

corporation of N in the QW; new states, created by the pres- I= I /

ence of Nitrogen, these states permit the resonant tunnelin\ﬁhere

of electrons that cross the potential barrier in the RTD giving

rise to a negative differential resistance. Transport studie

in organic Zener diodes [12] show that the tunneling curren

depends on the thickness of the intrinsic interlayer and the

doging concentration of the electron and hole trgnsport lay- T(E) = Tracdl1 GT2G], @)

ers. In the current vs. voltage curves it was observed that/hereG is the Green function matrix for the system give by

for positive voltage values, the current behaves similar to a G(E)=[EI - H—%, — %], (3)

diode. Instead, a significant effect on the current appears as

the reverse breakdown voltage changesto —15 V with n

increasing thickness of the devices intrinsic interlayer. Tz =12 = E7,), (4)

where I is the identity matrix,H is Hamiltonian matrix of
the isolated device region ant , are the matrix that repre-

A. T|ba|d|1 et al. []_3], performed numerical simulations sent the lead effect. The Hamiltonian matrix of the SyStem is

on a resonant tunnel diode (RTD) consisting of a 5 nmdescribed through Ec5)[17].

Ing 53G&.47As quantum well sandwiched between 1.5 nm 24+ U, §) + hw; 30 =

thick AlAs barriers. Using non-equilibrium Green’s func- H(i,j) = z

tions, they calculated the steady-state current as a function "’

of the voltage with and without scattering mechanisms for

different temperatures. The |-V curves show a reduction in 2 9 . , ©)

the peak current intensity with increasing temperature; thigvheret - h. /2ma”, m is the effective mass of the electron,

can be almost entirely attributed to carrier phonon scatterin IS the lattice constant, represents the number of nearest

and resonant states broadeni@k et al. [14], studied the elghb_orsé - 2 for the 1D quel), and/ represents the

resistivity for tunnel junctions in a (In,Ga)N quantum well p(_)tennal prof_lle_of the DBH .(F'g' 1). The eﬁect_of the ap-

(QW) sandwiched betweend,Ga, osN barriers, the quan- plied magnetic field perpendicular to the current is taken into

tum well is doped with Silicon and Magnesium;this work account through Eq [18].

show a diminishing in the voltage with increasing the dop- fii—=texp {wA (fi + rj> (= ,)a} (6)

ing for both Silicon and Magnesium, increasing the tunnel- I 2 LY ’

ing current across the junction. Masanori Nagase [15] per-

formed a theoretical study of the peak-to-valley current rela-

tionship (PVCR) in GaN/AIN resonant tunnel diodes (RTDs);

this results for the I-V characteristic curves show two peaks

associated with the three-dimensional and two-dimensional =

(3D-2D) and 2D-2D resonant tunnel currents; 2D-2D reso- E

nant tunneling peaks are sharper than the 3D-2D resonan (L

tunneling peaks, author considered that this behavior is as- 7

sociated to the changed phase coherence length of electron:'=

This, in turn, it was associated to the probability of electronic ﬁc}

phase relaxation or electronic scattering in the quantum well. “5
(N

T(E)(fL(E) - [r(E))dE, @)

fz,r) (E) is the Fermi function of the contacts to the
left (L) and right (R) of the structure arifl(E) is the effec-
Ive transmission function that in the NEGF method is give

—t; ;1 # j, nearest neighbors
0 ; other cases

In(AsN)

In this article we report a theoretical study of reso- 0 10 20 a0
nant interband tunneling, using the general approach of non- :
equilibrium Green'’s function of current as a function of volt- Zz {“—m)

age, temperature, and parallel and perpendicular magneti§syre 1. Conduction band profile for a DBH with a V bias
f|e|d in an InASAl/lnASN/II’]ASA| DBH. Our I‘esultS are Simi' app"ed’ 10-nm wide for the InAsN QW and 10-nm wide for the

lar to previous works, especially with the experimental workinAsAl barriers. Barrier heights between InAs/(InAl)As of 0.12 eV
reported in Ref. [11]. and In(AsN)/(InAl)As of 0.16 eV, respectively.
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with A being the described potential vector , in coordinatedn the In(AsN) wellm,, = 0.026 m¢ [11] anda,, = 5.96 A

(X, ¥, 2, A = Bze, (B = Bey). r; andr are the posi- [9], andm is the mass of the free electron, respectively.

tion vectors for sites i and j of the nearest neighbor atoms, Current/ as a function of applied voltag® for an

at all lattice positions. The applied magnetic field parallelinAsAl/InAsN/InAsAl DBH with different temperature val-

B = Be, to the direction of the current is taken into accountues and zero magnetic field is shown in Fig. 2, an increase

in the diagonal term at the EcB)(ase; = (n + [1/2]) fuw; ,
[19] wheren corresponds to Landau Level angis the cy-
clotron frequency given by

and diminish in current is observe when the voltage applied
to the system is increase. In this figure it can be observe
that the current reaches a first peak at 0.059 V and then it

drops (a region of negative differential resistance) with in-
creased voltage; as voltage continues to increase, a second
peak of magnitude slightly smaller than the first is noted at
0.19 V. The first peak is associated to the incorporation of
the Nitrogen in small concentrations ( 1%) into the InAs, as
reported by Di Paol&t al, [11] causing the decrease in the
bandgap energy creating resonant levels, which allows the
tunneling of electrons through the states located in the en-
ergy gap of the InAsN layer [11, 22]. The second peak is due

To study resonant interband tunneling in an InAsAl/InAs [ the resonant states in the InAsN quantum well as applied
N/InAsAl DBH connected to two identical InAs contacts to VOltage increases. Further, it is observed in Fig. 2 that cur-
the left (L) and right (R) of the system, we have considered affent peaks diminish as temperature increases. As reported by
electron concentration of — 2 x 1017 cm—2 in the emitter. DI Paolaet al,, [11] the contacts between which the double-
corresponding to a Fermi energy of 49.8 meV. It is deemed@'Tier structure is found are n-type and p-type, on the left
that the height of the potential between contact L of Inas@nd right of the system, respectively, allowing charge carriers
to the (InANAs barrier as 0.12 eV, with 10% Al content and to tunnel through states in these zones favoring conducno_n.
10-nm barrier width; the height of the potential between thel NeSe are also affected by effects of temperature and applied
In(AsN) QW to the (InAl)As barrier is 0.16 eV, with 1% N voltage. To model this, it may be considered that the chemi-
content and 10-nm QW width, as seen in Fig. 1. cal potential of the contacts in our double-barrier system are
The resonant tunneling process under study consisted §fisaligned, with the one on the right being higher than the
light holes (we did not consider heavy-hole tunneling) tunnel-°"€ On the left, as applied voltage increases. The effect of
ing from the emitter to the collector through resonant stated€mperature causes a redistribution of the charge, making the
created in the quantum well by the N atoms; the parameter%tates associated with the contacts to contribute fewer car-
used in this work are effective mass of the light hole in the1€rs through recombination than can occur with the n-type
InAs, my;, = 0.027 mq [19], the effective mass and constant and p-type layers of the system. In this study we are obtained
lattice of the contact L (R) of INAs areu, z) = 0.025 mq qualitative results similar to those reported by the experimen-

[11] andayry = 6.058A [20], the effective mass and the tal work by Di Paoleet al, [11].

lattice constant at the (InAl)As barriens,, = 0.039m [11] _ Figure 3 presents the characteristivs. V' curves for
anda; = 5,97 A [21], the effective mass and lattice constant dlffergnt magnetlc fields perpendicular (a) and parallel (b) to
the direction of the current for temperatufe= 2.0 K. For

2 the perpendicular field, a decrease in the current intensity is
’ Le—T=2K | observed with the increased applied field; the first peak tend-
—T=60K ing to disappear at a value of 3.0 T. With the magnetic field
T =160K parallel to the current, the decrease of the peaks is negligible
T = 300K compared with the intensity of the peaks with perpendicular
- field; furthermore, the peak in the case of the parallel field
undergoes a shift at higher energy values, with the applied
bias. This could be associated with the additional confine-
‘ ment introduced by the magnetic field in the charge carriers.
tessmss ey Figure 4 shows thé vs. V' curves for different tempera-
tures with a 1 T magnetic field parallel (left) and perpendicu-
lar (right) to the current. Note the presence of two peaks, one
due to the presence of the low N concentration that creates
0,0 0,1 0,2 0,3 04 . ; )
levels in the gap and permits electron tunneling and the other
V(V) peak due to resonant states in the QW, as described in Fig. 2.
FIGURE 2. I vs. V characteristic for a double-barrier system as AS temperature increases, the intensity of both peaks dimin-
function of temperature of 2, 60, 160, and 300 K without applied ishes. It is observed that the intensity of the second peak is
magnetic field. greater than that of the first; this is best observed in the case

B
wi=—— (7)

m;c

andm; is the electronic effective mass on tkey plane,e is
the electron chargds is the applied magnetic field, ards
the speed of light.

3. Results and discussion
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2,
T=2K ammB = 0.0T
a =B =1.0T
. LS =B =207
= =B =3.0T
> L.
2 10
=

,0 0,1 0,2 0,3 0,4 0 0,1 0,2 0,3 0,4
a) V(V) b) V(V)

FIGURE 3. I vs. V for a double-barrier system in the presence of a magnetic field perpendicular a) and parallel b) to the direction of the

current for different values aB (B = 0, 1.0, 2.0, 3.0 T) at temperatufe= 2 K.

- T=2K —«T=2K
BH=1T 2+ T=30K 1,5 BL—IT 4-T=30K
- T=100 K ——T =100 K
—o— T =300K

0 0.1 0.2 0.3 0,4 |
a) V(v) b) V(v)

FIGURE 4. I vs. V for a double-barrier system in presence of a paralbgl) @nd perpendicularf ; ) magnetic field ofB = 1 T, for different
temperature§” = 2, 30, 100, and 300 K.

taking into account the differences of effective masses among

of the perpendicular field. The first peak is associated withthe carriers in the well and the barrier, are shown in Table I.
more localized wave functions and the second peak with As seen in Table I, the second column corresponds to the
wave functions more extended in the direction perpendiculasolution of the Schrodinger’s equation by means of the odeint
to the growth of the structure. This could cause greater ovemethod in scipy library [23] from python [24], the value ob-
lap of the wave functions of the carriers. Also, it can be notedained for the well level is closer to the value at which the first
that the second peak is more intense than the first peak, givgreak is observed in thevs. V' curves, both for this work as
that the magnetic field introduces additional confinement ofor that reported by Di Paolat al, [11]; hence, it is clear
the charge carriers and this effect is not seen in Fig. 2, whictthat the first peak observed in tlievs. V' curves is associ-
is without applied magnetic field. ated with the Nitrogen impurity in the InAs well. The third

In the above figures, the appearance of the first peakolumn corresponds to the values obtained by applying the
coincides with the level of energy obtained by solving boundary conditions on the quantum well structure, consid-
Schrodinger’s equation of the steady state for a quanturering the differences in electron masses between the well and
well structure of InAs/InAggAly; and well structure of the potential barrier [25]; the fourth column in the table cor-
InAs(N)/InAsy oAl .1, finding a single level without applied responds to the solution of Schrodinger’s equation by using
magnetic field. The value obtained of the energy of the levelthe finite differences method [26].

TABLE I. Quantum well level energy values. Thg values correspond to the barrier height for electrons in the quantum well

Well/barrier structure SciPy ODEINT Transcendental equation Finite differences
INAS/INAS.9Alg.1 (Vb = 0.12 eV) 54.1 (meV) 41.9 (meV) 42.2 (meV)
INAs(N)/INAsy.0Alo.1 (V, =0.16 eV) 59.6 (meV) 47.3 (meV) 47.6 (meV)
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Conclusions

5

states and a region of negative differential resistance that is

weakly affected by temperature have been observed, these

This theoretical work studied current vs. voltage and reprostates would make the possibility for the development of op-
duced well the position of the first peak associated with thggglectronic devices.

incorporation of Nitrogen in small concentrations (1%) into
InAs and showed a decrease in current as temperature de-
creased, compared with the experimental report [11]. MoreAcknowledgements
over, it is noted in curveg vs. V a weak effect of the ap-
plied magnetic field parallel to the current, compared withThis work was funded by Universidad Industrial de Santander
the applied magnetic field perpendicular to the current. WitHUIS) through the Vice-rectory of Research, via Research
the incorporation of nitrogen in these devices, new resonarftroject: No. 2414.

. D.K. Shih, H.H. Lin, L.W. Sung, T.Y. Chu, and T.R. Yang, Band 13

gap reduction in InAsN alloysjpn. J. Appl. Phys42 (2003)
375,https://doi.org/10.1143/JJAP.42.375

. A. Patar et al., Effect of low nitrogen concentrations on the

electronic properties of InAs ;N,, Phys. Rev. B30 (2009)
115207 |nttps://doi.org/10.1103/PhysRevB.80.
11520/

O. Drachenkeet al., Cyclotron resonance mass and Fermi en-
ergy pinning in the In(AsN) alloyAppl. Phys. Lett98 (2011)
162109 https://dol.org/10.1063/1.3583378

. D.R. Hanget al., Large effective mass enhancement of the

InAs;_. N, alloys in the dilute limit probed by Shubnikov-de
Haas oscillationsPhysica E22 (2004) 308/https://doi.
0rg/10.1016/).physe.2003.12.008

R. Kudrawiec, J. Misiewicz, Q. Zhuang, A. M. R. Godenir,
and A. Krier, Photoreflectance study of the energy gap an
spin-orbit splitting in INNAs alloysAppl. Phys. Lett94 (2009)
151902 https://dol.org/10.1063/1.3117239

M. de la Mare, Q. Zhuang, A. Krier, A. Patanand S.

Dhar, Growth and characterization of InAsN/GaAs dilute ni- 17.

tride semiconductor alloys for the midinfrared spectral range,
Appl. Phys. Lett95 (2009) 031110 https://doi.org/
10.1063/1.318/534

J. Ibahezet al., Structural and optical properties of dilute InAsN
grown by molecular beam epitaxy, Appl. Phys108 (2010)
103504 https://doi.org/10.1063/1.3509149

M. Kuroda, A. Nishikawa, R. Katayama, and K. Onabe, Growth
and characterization of InAsN alloy films and quantum wells,
J. Crystal Growt278(2005) 254https://doi.org/10.
1016/).jcrysgro.2005.01.075

H. Benaissa, A. Zaoui, and M. Ferhat, First principles calcu-
lations for dilute InAs_.N.. alloys,J. Appl. Phys102(2007)
113712 https://dol.org/10.1063/1.2821144

A. Gueddim and N. Bouarissa, Electronic structure and op-
tical properties of dilute InAs_;N,: pseudopotential calcu-
lations, Phys. Scr80 (2009) 015701https://doi.org/
10.1088/0031-8949/80/01/015/01

D. M. Di Paolaet al, Resonant Zener tunnelling via zero-
dimensional states in a narrow gap dio&ei. Rep6 (2016)
32039 /https://doi.org/10.1038/srep32039

H. Kleemanret al., Organic Zener diodes: tunneling across the

gap in organic semiconductor materidi&ano Lett.10 (2010)
4929 |https://doi.org/10.1021/n1102916n

14.

d 6

18.

21.

22.

. A. Tibaldi, M. Goano, and F. Bertazzi, Small-signal
modeling of dissipative carrier transport in nanodevices
with nonequilibrium Green’s functions,Phys. Rev. Ap-
plied 19 (2023) 064020 https://doi.org/10.1103/
PhysRevApplied.19.064020

] M. Zaket al., Tunnel junctions with a doped (In,Ga)N quan-
tum well for vertical integration of lll-nitride optoelectronic de-
vicesPhys. Rev. Applied5 (2021) 024046https://doi.
0org/10.1103/PhysRevApplied.15.024046

15. M. Nagase, Theoretical analysis of current-voltage charac-

teristics of GaN/AIN resonant tunneling diodes including
electron phase relaxation in quantum wellpn. J. Appl.
Phys.64 (2025) 061002https://doi.org/10.35848/
134/-4065/addd /9

R. Golizadeh-Mojarad and S. Datta, Nonequilibrium Green’s
function based models for dephasing in quantum transport,
Phys. Rev. B’5 (2007) 081301 https://doi.org/10.
1103/PhysRevB. /5.081301

S. Datta, in Quantum Transport: Atom to Transisaatited by
Cambridge University Preq2005) p. 145.

H. Paredes Gutirez, N. Porras-Montenegro and A. Lafg
Magnetic field and hopping effects on the current-voltage char-
acteristics in a GaAs/AlxGal-xAs double-barrier heterostruc-
ture, Phys. Rev. B58 (2003) 04531 1https://doi.org/
10.1103/PhysRevB.68.045311

19. M. A. Davidovich, Effects of carrier mass differences on the I-

V characteristics of resonant interband tunneling structures in
the presence of parallel magnetic fieddAppl. Phys78(1995)
5467 |https://doi.org/10.1063/1.359662

20. I. Vurgaftman, J. R. Meyer and L. R. Ram-Mohan, Band pa-

rameters for IlI-V compound semiconductors and their alloys,
J. Appl. Phys.89 (2001) 5815, https://doi.org/10.
1063/1.1368156

M. Ameri et al., Ab initio calculations study of structural and
electronic properties of ternary alloy Ah;_,As, Materials
Sciences and Application8 (2012) 674, https://doi.
0rg/10.4236/msa.2012.310099

E. P. O'Reilly, A Lindsay, P. J. Klar, A. Polimeni and M.
Capizzi, Trends in the electronic structure of dilute nitride
alloys, Semicond. Sci. Technd4 (2009) 033001 https:
//doi.org/10.1088/0268-1242/24/3/033001

Rev. Mex. Fis72030504


 https://doi.org/10.1143/JJAP.42.375�
 https://doi.org/10.1103/PhysRevB.80.115207�
 https://doi.org/10.1103/PhysRevB.80.115207�
 https://doi.org/10.1063/1.3583378�
 https://doi.org/10.1016/j.physe.2003.12.008�
 https://doi.org/10.1016/j.physe.2003.12.008�
https://doi.org/10.1063/1.3117239�
https://doi.org/10.1063/1.3187534�
https://doi.org/10.1063/1.3187534�
https://doi.org/10.1063/1.3509149�
https://doi.org/10.1016/j.jcrysgro.2005.01.075�
https://doi.org/10.1016/j.jcrysgro.2005.01.075�
https://doi.org/10.1063/1.2821144�
https://doi.org/10.1088/0031-8949/80/01/015701�
https://doi.org/10.1088/0031-8949/80/01/015701�
https://doi.org/10.1038/srep32039�
https://doi.org/10.1021/nl102916n�
https://doi.org/10.1103/PhysRevApplied.19.064020�
https://doi.org/10.1103/PhysRevApplied.19.064020�
https://doi.org/10.1103/PhysRevApplied.15.024046�
https://doi.org/10.1103/PhysRevApplied.15.024046�
https://doi.org/10.35848/1347-4065/addd79�
https://doi.org/10.35848/1347-4065/addd79�
https://doi.org/10.1103/PhysRevB.75.081301�
https://doi.org/10.1103/PhysRevB.75.081301�
https://doi.org/10.1103/PhysRevB.68.045311�
https://doi.org/10.1103/PhysRevB.68.045311�
https://doi.org/10.1063/1.359662�
https://doi.org/10.1063/1.1368156�
https://doi.org/10.1063/1.1368156�
https://doi.org/10.4236/msa.2012.310099�
https://doi.org/10.4236/msa.2012.310099�
https://doi.org/10.1088/0268-1242/24/3/033001�
https://doi.org/10.1088/0268-1242/24/3/033001�

6

23.

24,

H. PAREDES AND C. L. BELTRAN RiOS

P. Virtanen et al, SciPy 1.0: Fundamental Algorithms 25. G. T. Einevoll and L. J. Sham, Boundary conditions for enve-

for Scientific Computing in Python, Nature Methods
17, 261-272 (2020https://doi.org/10.1038/
S41592-019-0686-2

G. Van Rossum and F. L. Drake JRython reference
manual (Centrum voor Wiskunde en Informatica Ams-
terdam, 1995)https://dl.acm.org/doi/book/10.
5555/1593511

26.

lope functions at interfaces between dissimilar materity;s.
Rev. B 49 (1994) 10533 https://doi.org/10.1103/
PhysRevB.49.10533

P. A. Belov and E. S. Khramtsov, The binding energy of
excitons in narrow quantum welldOP Conf. Ser. Journal
of Physics. Conf. Serie816 (2017) 012018,10.1088/
1/42-6596/816/1/012018

Rev. Mex. Fis72030504


https://doi.org/10.1038/s41592-019-0686-2�
https://doi.org/10.1038/s41592-019-0686-2�
https://dl.acm.org/doi/book/10.5555/1593511�
https://dl.acm.org/doi/book/10.5555/1593511�
https://doi.org/10.1103/PhysRevB.49.10533�
https://doi.org/10.1103/PhysRevB.49.10533�
10.1088/1742-6596/816/1/012018�
10.1088/1742-6596/816/1/012018�

