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Influence of confinement energy and band anticrossing effect on the electron effective mass
in Ga;yIn,N,As;_, quantum wells
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We present a theoretical study of the electron effective mass in /@gN,As, ,/GaAs quantum wel{QW)
structures. The calculations are based on & 10 k -p band anticrossing Hamiltonian, incorporating valence,
conduction, and nitrogen-induced bands. The results are tested by comparison with the experimentally deter-
mined electron effective mass in QWs with indium composition in the range between 10% and 50%, and
nitrogen concentration between 1% and 5%. We report good agreement with experiment, confirming that the
enhanced electron effective mass observed in thg BgN,As;_, QW structures considered can be fully
accounted for using the band anticrossing model.
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The quaternary semiconductor alloy GgnyN,As;_, has  we have undertaken show that the CBE in Gag{_, can
been attracting considerable interest. When a small amouttybridize with N-related cluster states with which it is de-
of arsenic is replaced by nitrogen in Gdn/N,As,_, the  generate, or nearly degenerate. The hybridization leads to a
energy gap decreases rapidly, .1 eV per percent of N marked reduction in the conduction band edyeharacter,
for x<<3%. This is of interest from a fundamental perspec-fully consistent with the observed increase of the in-plane
tive and also because of its potential applications, openingffective masg?
the possibility of GaAs-based optoelectronic devices emit- The addition of indium to form Ga,InyN,As,, has two
ting in the 1.3—1.5um telecommunications window. A ma- main effects on the conduction band structure. First, the CBE
jor breakthrough in understanding this unusual behavior washifts down in energy on an absolute scale with increaging
achieved with the introduction of a two-level band anticross-4n Gal_ylnyAs.16 Second, because In has a larger atomic ra-
ing (BAC) model! which describes the reduction in energy dius than Ga, there is a weaker overall lattice perturbation
gap as due to a BAC interaction between the conductiomround an isolated N atom bonded to In neighbors, leading to
band edge(CBE) and a band of nitrogen resonant defecta reduced BAC interaction. There is also a weaker distortion
states, which lie above the CBE in Ggn/N,As, ,. The around N-N pairs and other cluster states, which when
BAC model has successfully explained a wide range of exbonded predominantly to In neighbors consequently lie
perimental data, including the band-gap reduction in bulkhigher in energy compared to equivalent states in
Gai_ylnyNXAsl_X,2 and the variation of the conduction band GaNAs,_,.}” Improved agreement can be expected between
ground and excited state energies in, GiayN,As, , quan-  the electron effective mass predicted by the BAC model and
tum wells (QWs9), as a function of N compositior, well  that observed experimentally when there are no cluster states
width L, and applied hydrostatic pressupe’ It also ex-  close by in energy with which the @gIn,N,As;_, CBE can
plains a higher-lying featur@enerally labeledE,) observed interact. We show here that this is indeed the case for the
in photoreflectance measurements, and which occurs due ®a_,In,N,As,_, samples which have been considered, con-
the mixing of conduction band edge character with thefirming that, away from cluster states, the BAC model pro-
higher-lying N resonant statés'® vides an excellent description not just of the energy gap but

The two-level BAC model has had limited success in de-also of the band dispersion.
scribing the conduction band dispersion in bulk and QW We first summarize below the BAC model. We then
structures. The model predicts an enhancement of the elepresent the parameters that we use to describe the BAC in-
tron effective mass, due to the mixing that occurs betweereraction in Ga,In)N,As,_,. This is followed by a general
the conduction band and N resonant states. An enhanced efhalysis of the expected variation of effective mass with well
fective mass has now been measured at the CBE in a wideidth L, In compositiony, and N compositionx in
range of GaInyN,As, , samples. The observed enhance-Ga_,In )N,As,_,/GaAs QW structures. Finally we compare
ment in the in-plane electron effective mass is generallyour results with a range of experimental measurements on
larger than expected in Gals;, samples™*2We have at-  Ga;_InyN,As;_,/GaAs QW structures, confirming that the
tributed this to the presence of defectlike states close to thmeasured electron effective mass in all ;G N,As;_,

CBE in GaNAs,_,,*? due to the random formation with in- samples reported to date is in excellent agreement with the
creasing N compositior of N-N pairs, where two N atoms value predicted using the BAC model.

share a single Ga neighbor, and also the formation of larger It is well established that replacing a single As atom by N
clusters of N atoms. The N-N pairs introduce defect levelantroduces a resonant defect level above the conduction band
close to the GaAs CBE enerd/with larger clusters intro- edge of GaAs*'® The BAC model builds on this result,
ducing states at even lower enef§yDetailed calculations identifying the reduction in energy gap as due to an interac-
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tion between the host matrix CBE, and a band of localized N
resonant states above the CBE. The conduction band disper-
sion in bulk Ga_jIn/N,As,_, is then given in the BAC
model by the lower eigenvalug_ of the 2X 2 matrix

Ev Vi
H(x) = e (1)

Vne Ect o

Electron eff. mass (units of mo)

with the zone-center state at energy associated with the
extended CBE state, of the Ga_jIn/As matrix, Ey the
energy of the localized N resonant impurity statéth wave
function ), andVy describing the interaction between the
two bands. The band dispersion enters via the term involving
m,, the CBE relative effective mass of the host matrix given
in units of the free electron mags,). As noted earlier, a
resonant feature associated with the upper eigenvéalue,
has also been observed in photoreflectance measureffents,
appearing in GaMs,;_, for x> ~0.2%.

The band dispersion is calculated below by extending the
conventional eight-band-p Hamiltonian to a ten-band )
modef9to describe the band structure of GanyN,As; _,, quantom veell seidihn o
adding two (spin-degenerajenitrogen-related bands from . )
Eq. (19)] to thepusualgtwo Conductigon and six valence band FIG. 1. (Color onling (a) In-plane electron effective mass of the

. first two confined subbands in @&lng >59Ng 011ASe.989 QWS (solid
Bloch functions. The 1&10k-p model has been success- line), and of the first three confined subbands i ¢y ,5As QWs

f_uIIy u_sed to describe the eneYrgy spectra am_j optical tr"?mskdashed linesas a function of the quantum well width Experi-
tions in Gal-ylnnyA_sl-x QWs, 'and to Qes_c”be the gain mental point al_=6 nm,x=1.1%, andy=25% is taken from Ref.
spectra as a function of carrier density in L& laser 12. (b) Probability Pi(W) for an electron to be in the well region in

structures??°To set up the Hamiltonian matrix elements We G in. ,dNo o1 /ASo ss0 QWS (solid fine) and Ga 7gng pAs QWs
used the same procedure as described in Ref. 19, with th@ashed lingsas a function of the QW width.

material parameters for InAs and GaAs taken from Ref. 21,

and the lattice constant, elastic constants, and deformatio(pal differentiation of the calculated QW subband dispersion
potentials of zinc-blende GaN and InN taken from Ref. 22. " = (h2k,)/|9E4i(k) /3K In both cases, the in-plane effec-

Several studies support that the energy of the N resonartwdg mass approaches the bulk strained layer parallel mass in
state and its coupling to the CBE vary with In composition in IV PP u ! yer p !

Gay_ InN,As, , #2324 We assume the N resonant level to wide wells. Two significant differences can be observed in
variywi)t/hxln éghpositiory asEy (eV)=1.65-0.1§, where the N-containing wells. First, the calculated mass is en-
N —A1. . y

the zero of energy is taken at the GaAs valence band maxlhanced for all well widths, due to the incorporation of nitro-.
en. Second, the calculated mass peaks quite sharply at in-

mum. The host matrix unperturbed conduction band energ ermediate well widths, just below=2 nm for the lowest

is assumed to vary with N compositionas E.(y) — ax, with o O \ i ]
a (in eV)=1.55-0.14, while the matrix element inking the 5o = 1) and nearl.=4 nm for the first excited sub

N state and host matrix CBE is presumed to vary . . . .

with N compositionx and In compositiony ag? Vy(eV) The increased mass at wide well widths fo_IIows dlre_ctly
——(2.45-1.17)'% A similar trend in th i from the BAC model of Eq(1). The CBE effective mass in
==(2. 19)Vx. A similar trend in the coupling param- bulk Ga_In)N,As,_, [given by the variation of the lower

eter V. was found experimentally in a study where the ni- gjoenyajuee” of Eq. (1) with k] is larger than the host matrix
trogen resonant level was kept fixed at 1.675 eV, independe tf? . a. (1) | g

of the indium composition in the different structures% ective massn, in Eq. (1). We can write

considered? . m
We investigate the predicted influence of nitrogen and - lag?’ (2)

confinement energy on the electron in-plane effective mass .

by considering two sets of QW structures, for one of whichwherem, is the CBE effective mass of the Gan,N,As;

we assume the N compositiorr 1.1%2123°while the otheris  alloy, and the wave functiort_ of the E_ state is given in the

assumed to be nitrogen-frée=0%). We assume the indium two-level BAC model of Eq(1) by

compositiony=25% in both cases, and vary the QW width -

from L=0.2 to 15 nm. Y- = aclot anin @
Figure Xa) shows the calculated variation #t4 K of ~ whereay(, denotes the amplitude of tH& state projected

the in-plane band edge effective mass for ititleconduction  onto the N resonant stateunperturbed CBE statewith

subbandm, as a function of QW width fox=1.1% (solid  |ay[>+|a?=12°

lines,i=1, 2), and for the nitrogen-free cagdashed lines, The mixing between the N level and the CBE of the host

i=1, 2, 3. The effective masses were determined by numerimaterial therefore reduces the band dispersion in

Probabilities P
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012 " (i=1) CBE electron effective masm:3 for a range of struc-

| ® Refs.12&30 . .

| O Ine36% LodOmmRef27 O In=30% Lo 68nm Ref. 28 tures. In our calculations we choose the QW widthLas6

[l In=23%,L=6.6nm,Ref.29 A In=10%,L=7.0nm,Ref. 31 N i i i i H
O R o b AR (solid I|ne§) and 7 nm(dotted lineg in order to compare with

[ the experimentally determined trends in effective mass. We
0.10 | —L=60nm calculate the variation in in-plane effective mass when we

change the indium concentration in the well from 10% to
50% in steps of 10%, while the nitrogen concentration is
continuously varied fronx=0 to 5%.

Most of the experimental reports on Gdn N,As;_, are
based on an indirect estimate of the electron effective mass
via analysis of the interband transition enerdi€$?-32This
type of experiment probes the band dispersion and electron

e effective masgmy,, ) along the growth direction, perpendicu-
006 o oo o0 00 001 oos lartothe quantum well plane. It was previously shown for a
Nitrogen mole fraction x wide range of GaAs;_, samples that the mass determined
from such experiments is generally not influenced by the

FIG. 2. (Color online Calculated variation of the in-plane CBE presence or otherwise of nitrogen cluster stategle find
electron effective mass as a function of N compositionin that the same is true for the Gan N,As,_, samples con-
Gay_yInyN,As;_, QWs for QW widthL=6 nm (solid lineg and L sidered here.
=7 nm (dotted lineg, and fory=10% to 50% in 10% steps. Data For samples where the exciton mass is repottede ex-
points: experimental mass values taken from Refs @R 29 (1),  tract an in-plane electron mags,) by first calculating the
28(0), 27(0), 31A), and 32, ). in-plane effective mass of the highest valence band in the

N _ _ Ga InyN,As;_,/GaAs QWs considered, and then estimat-
Ga-,InyN,As; . In addition, the dispersion of the lowest ing the inverse electron mass based on the difference be-
band is strongly nonparabolic, with the electron mass intween inverse exciton and hole masses. For samples with
creasing rapidly with energl and wave vectok. We there-  (x,y,1)=(0.007,0.34,7 nfip (0.011, 0.25, 6 niy (0.027,
fore find that the calculated QW band edge mass tends t9.32, 6 nm, and (0.052, 0.38, 8.2 nim we estimate
increase both as the confinement energy increases for a fixghle heavy hole effective mass to be,,=0.11m,,
well width, and also as the well width decreases for a giver}n;m:o_lgmy My =0.11my, and my,,=0.086m, respec-
Confined IeVel Until the QW Confined state wave fUnCtiontiVe|y; these values are Comparab|e to experimenta”y deter-
starts to penetrate significantly into the barrier. The barrieinined hole massé8.As shown in Fig. 2, the overall agree-
wave function penetration then increases rapidly with furtheiment between the experimental and theoretical resuilts is very
decrease of well width, causing the calculated effective masgood for the whole range of concentrations considered. The
value to drop off toward the barrier bulk mass value. calculations predict that the electron mass initially rises rap-

This is confirmed in Fig (), which showsP™, the prob- idly with N concentration, before reaching a peak value be-
ability of finding theith electron confined state in the well yond which the mass then decreases slowly with increasing
region for the first three confined statés-1, 2, 3. (The  x. This trend is consistent with the general experimental data.
probability of theith state being in the barrieﬂfb), is then  The results of Paet al?® show a wider scatter compared to
given by Pi(b):l—Pi(W).) The solid lines are for the the predicted values than is the case for the other results.
Gay 79Ng.29N0.011AS0 .98 GaAs QWSs while the dashed lines This may reflect the indirect manner in which the mass val-
show the variation for the nitrogen-free &d@ng ,5As/GaAs  ues were deduced in this case, by fitting to interband transi-
QWs. The addition of nitrogen reduces the wave functiontion energies rather than by a direct measurement which
penetration into the barrier for a fixed well width. This arisesprobes the conduction band dispersion in the QWs consid-
because only the conduction band componggt of the  ered. It may also reflect any uncertainties in well width and
wave function is continuous in E€B) across the well/barrier composition. If we vary the well width in our calculations by
interface?>?6 the nitrogen-related componenty drops  +0.5 nm, the indium concentration by +2%, and allow the
abruptly to zero in the barrier. As the confinement energyuncertainty in nitrogen composition to vary from +30% at
increases, the magnitude af decreases; this tends both to low concentrations to +10% at=0.05/ we find a change in
reduce the wave function penetration into the barrier, andhe calculated in-plane effective mass &g, = +0.004n,
also to increase the average effective magswithin the  for x=0.005, dropping linearly to~5.6x10* for the
well. nitrogen-free samples.

Having established the main factors that influence the The generally good agreement found in all cases here be-
electron effective mass in the BAC model, we now compardween the BAC model and experiment is to be contrasted
the calculated effective mass values with the experimentallyith the case of GaMs,_,, where a consistent trend has
determined values reported in the literatt#é’22The ma-  been found of unexpectedly large in-plane mass values, such
jority of experimental measurements are for QWs of inter-as *‘=O.13”no, 0.12n,, and even 0.19, for x=0.1%3*
mediate thicknesgmainly L~6-7 nmj, and with a wide 1.2%;! and 2.09! All of these values lie well above the
range of In and N compositiong,andx. Figure 2 compares theoretical curves in Fig. 2. We have shown recently that the
the calculated and experimentally measured ground statnhanced Gaphs;_, in-plane mass values are due to hybrid-

0.09 |

0.08 Fff 7

Electron eff. mass (units of 1)
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ization between the CBE and nitrogen cluster states close tposition, and with well widthL in Ga_yInyN,As, ,/GaAs

the band edge. We conclude that adding indium shifts th@W structures. The predictions of our theoretical model
CBE downward with respect to the cluster states, restoringigree very well with the experimentally determined results
f[he apphcablllty of the_ BAC r_nod_ellfor the samples whosegn, photh perpendicular and in-plane electron effective masses
in-plane mass is considered in Fig:“2We predict that the o, the same range of material composition and QW widths.
influence of hl_gher-lylng cluster states on th? CBE could StIIIOur results confirm the validity of the ideas underpinning the
be observed in Ga,InyN,AS,., either by going to narrow BAC model, showing that it can be used for the reliable

QWs with larger confinement energy, or else through th . ! . :
application of hydrostatic pressure. The application of prespredlctlon of the electron effective masses in a wide range of

sure shifts the CBE upward in energy relative to the NGa-yINyN:AS, quantum wells and optoelectronic devices

levelsl*48which should lead to a significant increaseriy ~ Pased on this material system.
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