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We derive an analytical model to describe the conduction-band states of GaNAs-based quantum well struc-
tures, including the band anticrossing effect betwdkeresonant states and the conduction-band edge. The
predictions of the model are compared to those obtained using a full terkbpndodel based on the same set
of parameters. Both methods are then tested by comparison with the experimentally determined ground- and
excited-state interband transition energies of @efl_, quantum wells of different well widths and com-
position x obtained at 300 K and under hydrostatic pressures up to 2.0 GPa. We show that the transition
energies can be described by a consistent set of material parameters in all the samples studied, and present how
the conduction to valence-band offset ratio varies strongly withGaNAs;_,/GaAs quantum well structures.

We conclude that the model presented can be used to predict the transition energies and electron subband
structure of any GaM\s;_,/GaAs quantum well with well width between 2 and 25 nm, &hdompositionx

between 1 and 4%, although further work is still required to confirm the optimum choice for the variation of
band offset ratio with composition.
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I. INTRODUCTION well (QW) structures using a one-band effective mass model
to derive simple analytical expressions for confined state en-
Although the energy gap of GaAs is 1.52 eV at low tem-ergies and in-plane effective mass. We derive here equivalent
perature, and that of GaN is over 3 eV, when a small amourgimple expressions based on the two-band BAC model for
of arsenic is replaced by nitrogen in GaAs the energy gagsaNAs heterostructures. The model gives results which we
initially decreases rapidly, by over 150 meV per % of show by comparison with a full 10-batdp model, Ref. 16,
N.1-8This extreme band-gap bowing is markedly different todescribe well the calculated variation of these properties in
conventional IlI-V alloys and has led to considerable interesGaNAs.
and investigation of its origin. A major breakthrough in un-  We overview the consequences of the two-band model for
derstanding was achieved with the demonstration by ®han GaNAs/GaAs QW's. The two-band model includes the
al. that the reduction in energy gap is due to a band antistrong nonparabolicity in the CB dispersion, leading to more
crossing interaction(BAC) between the conduction-band confined states at a given well width than would be predicted
edge and a higher-lying band of localized nitrogen resonantsing a one-band model. The in-plane effective mass also
states) Their model is consistent with a wide range of ex- increases rapidly with increasing confinement energy, as ex-
perimental data, but was not initially supported by a numbepected from previous analysis. More surprisingly, electrons
of theoretical studies which used the pseudopotential methoare predicted to be more strongly confined in narrow GaNAs/
to carry out a detailed investigation of the lower-lying GaAs QW'’s than in equivalent GaAs/AlGaAs or GalnAs/
conduction-band states in ordered and disordered GaNAGaAs QW's. Analysis of GaAs/AlGaAs and GalnAs/GaAs
supercelld®! Theoretical studies based on the tight-bindingQWs typically finds increasing wave function penetration
(TB) method generally support the BAC modét!®Because into the barrier as the well width decreases below about
it uses a basis of localized orbitals, the TB method can pro5 nm178 The BAC interaction leads to reduced wave func-
vide significant insight into the influence of localized pertur-tion penetration into the barrier in GaNAs/GaAs, with the
bations on the electronic structure, including the derivatiorground-state electron level remaining localized in the well to
of a modifiedk -p model to describe the band-edge disper-narrower well widths.
sion in GaNAs and related alloy8. We compare our model with experimental transition en-
Considerable insight can be gained into the conductionergy data in a wide range of GaNAs/GaAs QW's from which
band(CB) structure of conventional semiconductor quantumwe derive a consister(but not unique set of material pa-
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rameters, which are then suitable for describing the band Ey=Ey,— (y- «)x+ 2ay(1 —C15/Ci1)en+ (AEN/dP)p,

offsets, confinement energies and in-plane effective masses 3)

of the conduction subbands of any G&N,_./GaAs QW

with a well width between 2 and 25 nm, amdl contentx

between 1 and 4%. Ec = EcO - (a - K)X+ Zac(l - C12/(311)8><x+ (dEc/dp)p-
The analytical model is derived and analyzed in the fol- (4)

lowing section. We consider the best choice of material pa-

rameters in Sec. Ill, and compare the theoretical model witr] e linear shifts(a—x)x and (y-x)x account for conven-

experiment in Sec. IV. Finally we present our conclusions infiona!l alloying effects, while the interaction matrix element
Sec. V. Vne=pBVx reflects the composition dependence of the level
repulsion effect. Although the terms involvineg are redun-
dant in Egs.(3) and(4), we include them here, as they are
used later to describe the variation of the valence-band offset
with composition. The two-level Hamiltonian of El) re-

A. Band structure mains valid in the GaAs barrier layers, where the resonant
To derive the analytical model, it is sufficient to account!€V€l and conduction-band edge are decoupled Wj=0.
for the band anticrossing effect of tHé levels with the 1€ Summand &y (1-C1,/ C1a)ex accounts for the shift of
conduction-band states and treat the valence band separatéf§e nitrogen(conduction band due to the hydrostatic com-
The variation of the conduction-band dispersion with wavePonent of strain, e.g., in GaNAs QW layers, whexg; are
vectork in bulk GaNAs,_, is given in the BAC model by the hydrostatic deformation potentiats; andc,, the elastic
finding the lower eigenvalug_(k) of the HamiltonianH(x) constants, and,, is the in-plane strain due to the lattice

II. DERIVATION OF ANALYTICAL MODEL

linking two interacting energy levels mismatch with respect to the GaAs substrate. The summands
(dE./dp)p and (dEy/dp)p describe the shifts of the
H(X) = (EN+ ak® Vi ) 1) conduction-band edge and the level under hydrostatic

Vne  Ec+ Dbk pressure. The BAC effect describes the coupling of those two

. . _ bands in the well region, leading to two mixed states, the
with the zone-center state at energy associated with the lower of which is at energy

extended conduction band-edge states of the GaAs matrix,

and Ey the energy of the localizedN resonant impurity _EntE 1 e
states, with the two types of states linked by a matrix ele- E=—"0—- SVEN—E)+ 4V (5
mentVy describing the interaction between them. The band

dispersion is introduced via the two diagonal terms involving We use Eq(1) to determine an analytical expression for
a and b, with b=h2/2mom;, wheremz is an appropriately the zone centek=0) confined state energi&s in a GaNAs
chosen conduction-band edge effective mass for the host m&W structure, centered at the origin and of width. 2Ve

trix, and a (usually set to zenodescribes the dispersion of derive the expression here for even states. To find the al-
the nitrogen resonant band. We note that the band-edge gpwed solutions we initially assume that the parametés
fective mass in bulk Gaphs; _, [given by the variation of the small and positive, solve Schrddinger’s equation in the well
lower eigenvaluée_ of Eq. (1) with K] is larger than the host and in the barrier, and then apply appropriate boundary con-
matrix effective massn.. We refer to this band-edge mass ditions at the well-barrier interfacéWe seta=0 at the end
below asm’, with the alloy conduction-band dispersion then of the derivation, as in previous calculatiéi$2] We can

given for smallk as solve Eq.(1) to find two states at enerdy within the well,
one of which(k,_) is a propagating and the othék,,) an

ﬁ2k2 .
E(K=E + . (2) ~ evanescent state, with wave vectéfs along thez (growth)

direction. The general even two-component solutions of
Schrédinger’s equatiort?W(z), are then given within the

We discuss the relation between, and m_ in more detail well (2] <L) by

below.

The conduction-band dispersion as presented in Egs. ay
and (2) is isotropic, with the effective mags, independent VW(z) = Bl( N
of the direction of the wave vectdt. This assumption is «
appropriate for unstrained bulk semiconductors, and to carrwhere ay. describes the amplitudes of the states projected
out the derivation presented in this section. We will considefonto the nitrogen resonant statanperturbed conduction
in later sections strained GaRb,_, layers grown on GaAs. band-edge stafewith |an.|2+|ac./?=1.

The band dispersion then becomes anisotr&picith differ- Turning to the barriewhere E,.=E,, at ambient pres-
ent effective mass values required in ). [Eq. (2)] within  sure), to ensure wave function matching across the interface,
thg growth planemy[m_ ] and along the growth direction, we include a resonant state at ener§y, above the
m., [m_ 1. conduction-band edge, and 34{.=0, as this state does not

We assume when considering Ga&¥;_, QW’'s grown interact with the conduction-band edge. This resonant state
pseudomorphically on GaAs thit, and E; vary with com-  plays no part in determining the confined state energy and
positionx and hydrostatic pressupeas wave functions, but is formally required to solve the enve-

+

)cos(kz_z) + Bz( ZN )cosi{kz+z) , (6)

+
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lope function equation. Because the resonant and Lao B
conduction-band edge states are decoupled in the barrier, the
evanescently decaying barrier wave functigfi®(z), re- :
quired to match the well solution is given in the right-hand 135 4
barrier (z>L) by o~ :
0 1 \:: 130 F
q,(b)(z) = Cl<1 )exp(— Kz—z) + CZ(O )eXF(_ KZ+Z)! (7) ::,D
m 125
wherebk? =E.—E andax?,=Ey—E, respectively. g N
.The allowed solutiorj; of Eq1) must thgn satisfy appro- 120 Fom oo 10 band Ag®
priate boundary conditions across the interfgeé z=L), E o 2band BAC
namely, that s f— Analytic L N
W(g—1) —b)(y— o 5 10 15 20 25
YW(z=L)=w®(z=L) (8) QW width (nm)

and also that
FIG. 1. (Color online Well width dependence of the transition

a 0\d¥(2 energies of GaplyAsy o/ GaAs quantum wells calculated by ten-
0 bl dz 9 bandk -p Hamiltonian(dashed ling two-band BAC Hamiltonian
(open circley and Eq.(10) (solid line).

is continuous across the interfa®®&We have four unknown

quantities in Eqs(6) and(7), and from Eqs(8) and(9) four  confinement energy and of several of the excited-state ener-
boundary conditions for even solutions of the envelopeyjies, but start to overestimate the ten-band excited state en-
function equation, through which we can derive a4 de-  grgies when they approach the GaAs conduction-band-edge
terminant Wh|Ch must be Satisfied fOI’ a||0W€d even SolutionSenergy(Set at 1.42 eV in F|g )1 Th|S discrepancy at h|gher

as described in Appendix A. We show there thakasO, the  energy arises because the two-level model overestimates the
coefficientsB, andC; also—0, and we require only that the conduction-band dispersion at larger wave vektd similar
CondUCt|On'band Component Of the enVeIOpe fUnCt|0n mnd discrepancy is Observed When Comparing the one_band eﬁec-

. . . . . *_l . | i )
times its derivative are continuous, whelbem.,;" in the  tive mass model with the results of eight-band calcula-

well, andocm;g1 in the barrier. This leads to an expression fortions in conventional semiconductor allodfs.
the confined state energy very similar to that for the conven- The analytical model of Eq10) provides a useful test of
tional one-band effective mass model: the convergence of the full numerical calculations. We used a
K P plane-wave expansion method to determine the confined
“tan(k,.L) = —. (100  state energies in the GaNAs/GaAs QW calculatitngve

Mew Mep find that the energy values converge more slowly than for
The relationship between ener@yand wave vectok,. in ~ conventional one-band or eight-band calculations. This is be-

the well can be determined by solving thex2 Hamiltonian ~ cause theN component of the envelope function is discon-
of Eq. (1), to give tinuous at the well/barrier interface, so that for the structures

we considered at least twice as many plane waves were re-

blé _ Vﬁc ‘E-E (11) quired to get converged energy levels compared to what is
" Ey-E ¢ required for conventional alloys.
A similar expression to Eg(10) can also be used for odd )
states, with tafk,_L) replaced by —cdk,_L). B. Effective masses
To demonstrate the validity and usefulness of Eif), Having shown that the two-band model of Ed) can

Fig. 1 shows the calculated room-temperature variation ofjye electron ground and excited state confinement energies
conf_lned electron state energy as a function of well width;, good agreement with more complete calculations using a
2L, in a GaN) oAS og/ GaAs QW structure. The zero of en- on_handk -p Hamiltonian, we now turn to use the two-band
ergy is taken at the GaAs valence-band edge. The dashed ligg, e to describe the electron effective mass in bulk GaNAs
shows  the 6resu|ts calculated using the ten-ba®  4ng within the plane of GaNAs/GaAs QW structures. The
Hamiltoniart® we have previously used when f|tt|ngsexper|- mixing between theN levels and the conduction-band edge
mental transition energies in GaNAs/GaAs QWS the o ces the band dispersion in GAN,_, relative to the un-

open circles are the results obtained using the full “No'ba”@oupled band mass, with the inverse band edge nmass
Hamiltonian of Eq(1), while the solid line shows the results gven in the two-band Hamiltonian of Edl) by '

calculated using the analytical model of Eq.0). Further

details of the parameters used in Fig. 1 are given in Sec. lll, 1 2

and summarized in Sec. IV. As expected, the analytical ex- = lbqa 2o+ |ay-|?a). (12
- . * 2 (% N

pression of Eq(10) agrees exactly with the energy states m. 7

calculated numerically using the two-band model of Eqg.

They also provide an excellent estimate of the ground-statSettinga=0 in Eq.(1) allows Eq.(12) to be simplified to
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FIG. 2. (Color online N dependence of the squared amplitude  FIG- 3. (Color onling Conduction-bgnd charac_tb‘rc(z»z (solid
of the conduction-band characté._|? and of theN character line) and nitrogen-band charactf(2))? (dashed ling of the first
lan-|? at the band edgék,=0), of the mixed stateE_ of bulk electron state in the conduction-band of a 7 nm wide
GaN, gAS, o5 at room and at low temperature, for unstrained struc-CaA%.0dNo.02/ GaAs quantum well.
tures, and for layers biaxially strained to the GaAs lattice constant.
L
. S f |Wi(2)|dz (16)
-L

) mc|21 (13)

m_=
|ac- for the normalized wave functions. The continuity ®f
across the well/barrier boundary requires, using Egjsand

(9) for the one-band model, that
Bl COS(kWL) = Cl eX[(— KbL) (17)

for even states, whellg, and «,, are the one-band analogues
of k,_ and «,_, respectively.P(lW) typically starts to decrease
for the ground state band as the well width @rops below
with |ay_[?=1-|a. > the corresponding composition- about 5 nm in a conventional QW. This is due both to a

dependent squared amplitude of the nitrogen character of tH€duction in the integration range in EG6), and also be-

given conduction-band state. Figure 2 depicts the band-eddi@use the value o, gets smaller in the barrier region, both
(k,=0) values of|a._|? and|ay.|? for N contentsx<0.04, at of which effects lead to significant wave function penetration

room and low temperature, for unstrained bulk Gas]_, into the barrier.

and for strained Gas,, grown pseudomorphically on The calculated wave function penetration and in-plane

GaAs, all calculated using the parameters given in Tables 'I“ZSS can bl:? Qeterrr]mned n rt]hi Mo-l)land tr)no:jjel (;Jsmgﬁflrst
and Il. It can be seen that the nitrogen character of the bulR €' perturbation theory, with the in-plane band-edge efiec-

where|a,_|?> was introduced in Eq6) and is given(at wave
vectork=k,) by

En- E.—bK
\'/’[EN - Ec - b|€]2 + 4V§c

(k)P = %(1 s ) (14)

band-edge state increases dramatically betweef and UVE Massm.; given by

0.01, reaching values ofy_|?>~ 0.40-0.45 at largex. This 1 ) pw  pb

mixing is primarily responsible for the observed enhance- =g P+ ——, (18)
ment of the bulk effective mass in GaNAs. i Mew bl

Before deriving the electron effective mass in a GaNAs/iwvherem,, here is the unperturbed conduction-band state in
GaAs QW structure, we first recall the calculation of thethe well materia[bottom right-hand term of Eq1)]. Equa-
in-plane (paralle) effective mass,m,*,, for a conventional tion (18) leads one to a markedly different behavior com-
[1I-V QW structure. The in-plane band-edge effective masspared to Eq(15). First, there is significantly less wave func-
my; for theith confined state is given in the one-band modeltion penetration into the barrier. This arises because the
by?8:29 boundary condition equivalent to E@l7) is given in the

two-band model by

L_P", A a5 e (k,)By otk L) =Crexp- e L) (19)
My Moy My

and asa,_(k,.) decreases with increasing confinement en-

« . . . ) ergy, due to the band anticrossing effects, so too will the
where mg,; (m,) describes the in-plane conduction-band g|ative magnitude ofC,. In other words, wave function

: o ; : b) _ . ; ;

d|s%§r3|on in the wellbarrien material. P and P )—1. matching only occurs with the conduction-band component
—P;" are the probabilities of finding th¢h confined state in  of the well wave function, as illustrated in Fig. 3, which
the well and in the barrier respectively, Wiﬂﬁw) given by shows the calculated variation of the conduction bggd))
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(solid line), and nitrogen statffy(2)) (dashed ling compo- TABLE |. Relevant material parameters of the binary com-
nents of the ground-state envelope function in a 7 nnpounds GaAs and GalI'=300 K).

GaN, o,Asy 9g/ GaAs QW structure. As the confinement en-
ergy increases, the reductiondp_(k,-) tends both to reduce GaAs GaN’
the wave function penetration into the barrier, and also tg A)

. . o 5.6533 4.50
increase the average effective mass, within the well [see E. (V) 1424
Eqg. (13)]. Hence the zone-center effective mass,;, tends 9 :
to increase with decreasing well width, and also with increas—Ef €v) 25.1
ing confinement energgincreasing) for a fixed well width. M 0.0665
A general expression describing h(ﬂIW depends on wave i1 (GP3 1221 293
vectork, and well width 2 is given in Appendix B. ¢ (GPg 56.6 159
a; (eV) -7.17 -6.71
a, (eV) 1.16 0.69
Ill. CHOICE OF PARAMETERS bay (EV) -20 20
A. Band structure Ago (V) 0.341
We describe in this section how we choose the material1: 72+ ¥3 6.98, 2.06, 2.93

parameters to describe the conduction- and valence-band diggeference 56.
persion in bulk GaNAs and in GaNAs/GaAs QW structuresbreference 57.
at ambient pressure, and as a function of hydrostatic pres-
sure. The heavy and light hole subband energies can be cagnore this dependence in our analysis below, because the
culated by using a simple text-book one-dimensional QWexperimental photoreflectance data provide information pre-
model assuming that the unstrained valence band edge shii®minantly on the heavy-hole confined statékhe biaxial
as E,=E,o+«x in unstrained Gaphs,,, whereE,q is the  strain in the layer leads to additional shifts of,2L
valence-band edge of GaAs. —C1p/Cr)exts for the heavy hole and &(1-Cyp/Ciq)exy

We use a linear variatiorx for the dependence of the —[(Aso+9)—v'—9€2—2€A30+A20]/2 for the light-hole band, re-

. S ’

gbsolute chemlcgl \_/alence_—band offeéBO) on N cqntgntxu spectively, wheres=b,,(1+2c,,/C)e,, and the valence-
in GaN,As; . This is the simplest approach and is justified .\ qaformation potentials age, and b,, % Hydrostatic

as the effect ol on the valence band is rather small com- pressure yields an additional shi@tE,/dp)p. Combining the

g?aeg;%g%:trggassﬂsg?:ffgs]it?g:iﬁﬂ?sné%?}%%;?g;e_ at eigenenergies of the conduction and valence subbands yields
9 the transition energies.

band bowing implies that, in a GaNAs/GaAs heterostructure, ;
the electrons will be confined in the GaNAs layers. Whether The relevant material parameters of GaAs and GaN are

: . given in Table I. If the values for both binaries are given, a
the holes are also located in the GaNAs layes, the band linear interpolation was used for determining the value for

a”gf?m_e”t is type)lor in the GaAs Iay_erﬁi.e., type I} is not aNAs,;_,. The N related parameters specific to the model
a priori clear. Both possible band alignments were reportecfre given in Table Il. They have been adjusted to obtain best

i i 2-37,39 _

Ine:ir:r?elgfzarlaét\iirggénce sgngﬁvigvgﬁ:;r{ené FE;ﬁ?g:?i;ﬁ greement with the experimentally determined interband

For this heterosvstem Th?ayre orted Vgg’s appear ?o var ansitions, and are close to those predicted by tight-binding
y ' P PP Ysupercell calculation-14

co?nstlder;';lbily.nThC(? rfa(‘jsigt?: t?rr? im%mgmdh 'tl'vvolo r:ngﬁor;arlts We choose the parameters to describe the change in band
E)/(I)Bosir?cleéd)in Ostr:iar‘] contrik():u'go ;n dathee cﬁemeiial Vlg Oe structure with hydrostatic pressure as follows. The rate at
( 9 n which the band gap changes under hydrostatic pressure

(corrected for strain contributiong(ii) Due to the nonlinear- (dE,/dp)= : : ;
. S p)=(dE./dp)-(dE,/dp) is a direct observable in the
ity of the GaNAs, . band gap the band offset ratio will vary experiment, whereas, the individual rates for the conduction-

with N composition x. We have previously estimated a :
chemical VBO ratio in the range of 15-30% in band edge and the valence-band edge cannot be easily ac-

GaNy o ASy 05/ GaAs QW structure® Krispin et al. re- cessed by experiment. Theory relatel&,;/dp) and the de-

ported a net VBO of only 5% for GapAs,o/GaAs formation potential ag=a;-a, via (dE/dp)=-3a4/(Cys

QW structures determined by capacitance-voltage’ 2612 Using the parameters given in Table | yields

measurement®3” The value of«=3.0 eV that we use cor- (dEg/dp)=106 meV/GPa for GaAs, which is close to our
responds to a chemical VBO ratio of 30% for a observed value of 116 meV/GPa. In the calculation we have
GaN, 91ASp 98/ GaAs QW structure. This choice a&f is in
agreement with a type | band alignment. We have found that
variation ofk between 1.5 and 3.0 eV does not affect the key
results of this paper.
We assume a parabolic band d*ispersion for the hea*vy and, (ev) 1.65 Eg (eV) 1.424  E, (eV) 0.00
light holes with effective masses,,,=(y;—2y,)~* and my, ¥ (eV) 300  a(eV) 1.55 x (eV) 3.00
=(y,+27,) 7! respectively?® (In practice, the light-hole mass coupling parameters=2.45eV)
depends on both strain and hydrostatic pressure; however we :

TABLE Il. N related model parametef$=300 K).

N level CB host VB host
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chosen(dE./dp) and (dE,/dp) such that their difference Ao8om| gy (a) oL = 4nm " ' (b)
equals 116 meV/GPa and their ratio equal&, as given in ‘ N e
Table 1. This yields values ofa.=-7.83 eV and a,
=1.27 eV. For the shift of theN related level we used
(dEy/dp)=25 meV/GPa, comparable to the observed pres-
sure dependence of isolatdtresonant levels in GaA8:*?
This leads to a value of the nitrogen level deformation po-
tential ofay=a,+0.21a.—a,)=-0.644-0.22R eV.

Finally, we acknowledge that the parameter fit presented § 56 3Pa
here is not unique. Photoreflectance and photoluminescence  |isapa =
excitation data have played a key role in determining the
band offset ratio in conventional semiconductor alloys, such L
as GaAs/AlGaAs8 For such alloys, most of the key band I 12 15 14 e de 2. 13 4 13 I8
structure parameters are known accurately from measure- Ensigyie) Erergy (V)
ments on the bulk materials, and there is only one parameter, FIG. 4. (Color online Series of photomodulated reflectance
the valence-band offsék), which can be varied when fitting spectra.l of.a 8 nm and a 4 nm GaleASo ss GaAs QW obtained
to the megsuredl Ipterband transition energies. Th'_s IS not thl?nder hydrostatic pressure at 300 K. The solid curves are fits to the
case for dilute nitride alloys, where there still remains uncereyperimental datéopen circles The straight lines are a guide to
tainty in each of the parametesis 8, y and« in Table Il. AS the eye and indicate the pressure shifts ofaftehi QW transitions
a consequence, it is possible to varypver a relatively wide  and the GaAs barrier.
range(at least 1.5 e k<3.0 eV), and by making minor
adjust.ments ta, B, andy stil Obta'n a good .f't to all .Of the . the fractionalp,-like character of the light-hole band. It is
experimental data presented in the following section. Th|se ual to 2/3 in an unstrained layer: and varies with shear
does not negate the model presented here, but means t '

AR/R (arb. units)

e2hh2
IL—:‘1 hh1 ) . EGaAS

= ) oo , ain ag*3t
further work is still required to identify the best choice for
the assumed variation of valence band offset with composi- (= 1( A3 -3 ) 23
ton. 22\7 Vo -25a,+ AZ)

We can then define the unperturbed conduction-band edge
dispersion in the lower right-hand term of E@) by

B. Two-band effective mass value

The conduction band effective mass needed for the
two-band Hamiltonian of Eq1) can be determined by direct 12 KK
diagonalization of the ten-barid-p Hamiltonian. The effec- Ec(k) =E.+ 2molac P\ m-,  m. (24)
tive mass at the conduction-band edge is anisotropic in the . . < * :
ten-band model for bulk Gals,_, strained pseudomorphi- Wwith m_, andm’, given by Eqs(20) and(21), and|a_|? by
cally to the GaAs lattice constant. Extending previous eightEQ. (14). This ensures the sant@nisotropi¢ band edge mass
bandk -p analysid? to the ten-band model, it can be shown in the two-band as in the ten-band model. We use (24)

that the bulk band edge malséL alongk, (perpendicular to  throughout this paper to define the two-band conduction-
the plane of the substratées given by band edge effective mass, and so to ensure a fair comparison

. . - of the two-band and ten-band models. We include in Sec.
|01C_|2|:S+ Ep< z__ z )} (20) IV B an analytical expression which gives an accurate fit of

S E.-E, E.-Eg m_, andm., in Eqg. (24) at room temperature.

1

while the mass in the growth pIanm,*_H, is given by
IV. COMPARISON OF THEORY AND EXPERIMENT

1 2{ Ep( 1 1-1, f, ” - _
— = |ag | s+ —- + + A. Transition energies
m_H 2 E_ - Ehh E_ - E|h E_ - ESO

We have tested the models presented in Sec. Il by com-
(21 paring calculated and experimental values of the transition
energies of 21 Gaphs;_,/GaAs QW’s with well widths be-
tween 2 and 25 nm and 0.61x<<0.04 grown by molecular-
beam epitaxy(MBE) as well as by metal-organic vapor-
phase epitaxy(MOVPE). The samples were studied by
photomodulated reflectan¢BR) spectroscopy at 300 K and

whereEp is the energy related to the Kane interband transi
tion matrix element Py=—i(A/my){(s|py|x) with Ep

=2moP§/h2; Enw En, @and Eg, are the strained heavy-hole,
light-hole and spin-orbit split-off band-edge energies, and

is a small parameter: under hydrostatic pressures up to 2.0 GPa. Experimental de-
1 Epf2 1 tails as well as the extraction of the transition energies by

S= m 3 \E + E+A (22)  fitting the spectra are described in detail elsewR&p&32

c 9 7970 Typical data are presented in Figgayjand 4b), which

describing the influence of remote bands on the conductionshow a series of PR spectra obtained under hydrostatic pres-

band edge effective mass. The paraméjds a measure of sure at 300 K of two Gapy1ASy g5/ GaAs QW's of width 8
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and 4 nm, respectively. In the first series of spectra in Fig. 145
4(a) three signals can be clearly detected at all pressures; a b
fourth one can be discerned in the spectra for pressures ex- 140 |
ceeding 0.7 GPa. The signal at the highest energy originates [
from the GaAs barrier. The signals energetically below the 1.35
barrier signal correspond to interband transitions between S r
confined QW states. They are assigned to the three allowed L 130
transitionseihhi between théth heavy-hole andgth electron - C
QW subbands. No signals arising from interband transitions E 125 F
eilhi between light-hole subbands and electron subbands can m :
be discerned in the spectra of this sample. However, this is 1.20 F
typical of GaNAs/GaAs QW'’s when the corresponding tran- .
sition energies are larger than thatedhhl. Theellhl tran- 1.15 F Analytic
sition is observed only in the PR spectra if this transition is LExp: @ ei-hhi W eidthi
lowest in energy. This is the case for wider quantum wells 1 Easa i, PNl Rt SEOSDARer, ..o
where band shifts due to tensile strain in the GaNAs layer 0 5 10 15 20 25
dominate quantum confinement effects for the lowest-energy Quantum well width (nm)
transitions?432
In the second series of spectra in Figoytwo signals can FIG. 5. (Color onling Comparison of transition energies in

be clearly seen at ambient pressure: the GaAs signal &taN.o1g\So.0s2 GaAs QW's of different width extracted from pho-
1.42 eV and the QW transitioelhhl at approximately tomodulated reflectance spectra with those calculated using the ten-
1.25 eV. Both signals are shifting to higher energies withPandk-p model (dashed lingsand the analytical modefsolid
increasing pressure. The line shape of the GaAs barrier sig"eS- Ambient pressure an@=300 K.
nal is changing dramatically in the pressure range between
0.15 and 0.29 GPa. This is due to an interference betweer@ady seen in Fig. 1 how the two-band Hamiltonian of Eq.
the GaAs barrier signal and the signal of teghh2 QW (1) underestimates the conduction-band nonparabolicity of
transition. We calculate that the second electron state b&saNAs and hence overestimates slightly the confinement en-
comes confined in the QW in this pressure range, due to thergy of the higher-lying conduction states, (i > 3).
increasing interaction between the nitrogen resonant state Figure 6 compares the measured hydrostatic pressure de-
and the conduction-band edge as the valueEQfE. de- pendence of the transition energies in a 9nm
creases with pressure. From a pressure of 0.5 GPa up ®aN, ;ASy 957/ GaAs, a 8 nm Gapy1ASy 95/ GaAs, and a
1.1 GPa, thee2hh2 signal can be seen as a weak feature or¥ nm GaN 5,ASy 976 GaAs QW with those calculated in the
the low-energy side of the GaAs signal in the correspondingramework of the ten-band-p model and the analytical
PR spectra. model. Again the agreement between experiment and both

The PR spectra in Fig.(d) were fitted with three oscilla- theories is very good. A similar quality of fit is obtained for
tors for pressures of less than 0.7 GPa and with four oscillaall other samples using the material parameters given in
tors above 0.7 GPa. The PR spectra in Fidp) 4vere fitted Tables | and Il. Using these parameters, we estintetep-
with two oscillators for pressures below 0.15 GPa and withing terms linear inx) that the nitrogen leveEy(x), and the
three oscillators above 0.15 GPa. In both cases the fits agreenduction-band of the host matertl(x), vary with x as
very well with the measured PR data. The pressure depen-
dence of theeihhi transitions is much smaller than that of the En(x) =~ 1.65-0.14%, (29
GaAs barrier and even decreases with increasify the
8 nm GaN 1ASy o5/ GaAs QW. The latter is strong experi- Ec(x) =~ 1.424 - 0.264, (26)
mentel evidence tha_t the electron effective mass varies fofhile  the conduction-band  offset AE.=E(GaAs
the different conduction-band subbands. ~E_(GaNAs, ) varies withx as

: : : : - 1-x

Figure 5 compares the experimentally determined transi-
tion energies of a series of Gab;_,/ GaAs QW'’s of differ- AE.(x) =-0.113+0.202 +10.013+6.0168 (27)
ent width with those calculated using the ten-band
model and the analytical model of E4.0). The MBE grown
samplegopen circley had a compositiox=0.016+0.001), AE(X) = 2.49(k (28)
while the MOVPE samples(solid circleg had x
=0.018+0.001). The theoretical fit was carried out using our and the light-hole offseAEn(x) as
mater_ial parameters fox=0.017. The agreement between AE;(X) ~ 4.064 (29)
experiment and the ten-bandp calculation is very good
throughout the series for all allowed transitiogthhi. The  as illustrated in Fig. 7. We note that because the conduction-
analytical model using the material parameters deduced frofand offsetAE,(x) has a strong nonlinear variation with
the ten-bandk-p Hamiltonian gives excellent agreement the band offset ratioAE.: AE,, andAE.: AEy, vary strongly
with the full calculation and with experiment up to thghh3  with x, with the calculated value oAE.:AE.(AE.:AEy)
transition. The differences between the models increase fatecreasing from 91:987:13 for finite x approaching 0 to
higher QW transitions. This is to be expected: we have al80:20(70:30 at x=0.04, respectively.

the heavy-hole band offs&{E,(x) varies as
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16 F "

FIG. 6. (Color onling Comparison of the hy-
drostatic pressure dependence of the transit-
ion energies of 9 nm GalN13ASy.0gsd GaAs,
8nm  GaN g1 ASpesd/ GaAs, and 7 nm
GaN 02ASg 976 GaAs QWs extracted from pho-
tomodulated reflectance spectra with those calcu-
lated in the framework of the ten-bakdp model
(dashed lines and the analytical mode{solid
lines) all at T=300 K.

Energy (eV)

x = 1.3%]
2L = 9 nm]

® ¢i-hhi
I:I GaAs barrler 2

11 1 -I 1 1 | -l 1 1

OO 03 06 09 12 15 0.0 03 06 09 12 15 0.0 03 06 09 1.2 1.5
Hydrostatic Pressure (GPa)

1.2

..8.9 .‘7“m

B. Electron effective masses m_(x) = 0.06651 — qx - rAE.(x)], (30

The dashed lines in Fig. 8 show the calculated variation of
m. , and m. _, respectively, as a function ot in bulk where 9= 2.83821.3159 and r=0.77730.7673 eV* for
GaNAs,;_, grown pseudomorphically on GaAs, obtained m_L(m_”) as illustrated by the solid triangles in Fig. 8.
from the ten-bandk-p model. The room temperature Figure 9 shows the calculated variation of the in-plane
strained electron effective mass is well fitted by an expresband-edge effective mass. 5, as a function of QW width for
sion of the form two different nitrogen concentrations=0.01 and 0.02 and
two temperatures]=4 K and T=300 K, calculated by nu-

1.7 g merical differentiation of the band dispersion for the full ten-
L6 3 band modeldashed linegsand the two-band Hamiltonian of
3 E EN(x) E Eqg. (1) (open circley and also by direct application of the
15E E (%) 3 analytical two-band model of Eq18) (solid line). For the
3 g two-band model, we used the values mIW lae |2Xxm’ |
1.4 F 03 E
e when calculating the confined state energies using(Ha),
o~ 53 B m AEAEy e 3 while we used Eq(18) when calculating the in-plane mass
s Fief L m_; of theith subband in a GaNAs/GaAs QW structure. The
= 0.4 FS o5 AE/AE overall agreement between the three models is good for the
%‘3 o107 " ground state in-plane effective mass; but the two-band nu-
[=} E %00 oo oo 00 00
M 03 - Nitrogen mole fraction x 0.10 | ; | |
: ~ T=4K
: AEL) rll =
02F S 009fF 4 il
E E i =
: AElh(X) = % 0.08 / @I.._:iq(.)_l(
L 17} H o 4 A-a "‘*&,‘ i
0.1F g g = ®
L °;‘>) ’1
_ AE_ (x) g ooy
R o e - S -,
0.00 001 002 003 004 E ook =10 band bp. ;
e Approximation
Nitrogen mole fraction x =
0.05 1 1 -
FIG. 7. (Color onling Calculated variation of the conduction, 0.00 0.01 0.02 0.03 0.04

AE,, heavy-holeAE,;, and light-holeAE;, band offsets as well as
nitrogen resonant leveéty and conduction-band edge of host mate-
rial E;, as a function ofN composition,x, for a GaNAs;- layer FIG. 8. (Color onling Calculated variation of the perpendicular
grown pseudomorphically on GaAs. Solid lines present band offsetand in-plane bulk conduction-band edge masses as a function of
obtained numerically using parameters from Tables | and Il, whilenitrogen concentration at low and room temperature. Dashed lines:
the open triangles are obtained using the analytical expressions ebtained numerically using the ten-bakdp Hamiltonian; solid

Egs. (25—29). Inset: dashed lines present the band offset ratiodriangles: the room temperature mass values obtained usin@&gq.
AEpn/ AEg and AE,/AEg. in the two-band BAC model.

Nitrogen mole fraction x
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0.20 Trerre Ty rr s Trryrre TTrrr?! R TrryLe TTrrrT TTrooT TTrrTT
x = 1% @) t|r=1% (b)
OBENT = 300K 1 FlT=4K
BEOE | uasse 10 band kp 1t ]
2 band BAC i
0.14F | — Analytic 1 F [N ]

0.12

0.10

FIG. 9. (Color onling Calcu-
lated variation of in-plane effec-
tive mass of the CB ground and
first excited QW states as a func-
tion of QW width 4. for x=1%
andx=2% at low and room tem-

0.08 |-,

Electron effective mass (units of m,)

0.06

0.20 —~ .
N perature. Dashed line: ten-band
E‘:’ k-p Hamiltonian; open circles:
S 0.18 numerical solution of two-band
2 BAC model; solid line: analytical
2016 solution obtained using E¢18).
2
[72]
8 0.14
g ;
0]
>
=012
Q
Ro)
=
]
= 010
=
—
Q
D 0.08
84|

0.06 1 1 I 1 L ! 1 1 1

0 5 10 15 20 25 0 5 10 15 20 25

2L (nm) 2L (nm)

merical and analytical results start to underestimate the resalue of about 0.1hy for the effective mass of
sults of the full calculation for the higher confined levels. GaNAs;_,/GaAs QW’s with 1.2%<x<2.8% and well
The minor discrepancies observed between the analytical aniidth of less than 10 nr&it The room temperature band-edge
numerical two-band results arise because the numerical renasses calculated using the ten-b&ang Hamiltonian have
sults are not fully converged, even when we include 20Iprovided a successful description of the gain characteristics
plane waves to calculate the dispersion in a structure witln GalnNAs laserg344-46.53yhjle the two-band BAC model
total period 40 nm. All three models display similar trends ashas also provided a successful description of the electron
a function of well width: in wide wells, the effective mass mass away from the band ed&eAlthough our calculated
approaches the bulk strained layer parallel mass of Fig. 8:alues for the in-plane mass show significant enhancement
Because of the strong conduction-band nonparabolicity itompared to GaAs, they generally underestimate the values
GaNAs, the mass tends to increase both as the confinemeuibtained from low-temperature measurements which probe
energy increases for a fixed well width, and also as the weltlirectly the conduction band-edge mass. klaal 3447 deter-
width decreases for a given confined level. The peak in-planeined mass values of 0.4 and 0.19n, at 4 K by optically
mass occurs in relatively narrow wellBL=2-4 nn) for the  detected cyclotron resonance on 7 nm Gady_/GaAs
ground state and in slightly wider well&—8 nn) for the = QW'’s with x=1.2% and 2.0%, respectively. Hogerstbahl.
first excited state, with the calculated mass decreasing tadetermined a value of 0.1% for an epitaxial Galyly;dASp.084
wards the GaAs value in narrower wells, due to wave funciayer at 5 K by magnetophotoluminesceriédn a similar
tion penetration into the barrier. experiment with lowN concentrationx<0.5%), the same

Our calculated variation of the band dispersion along theauthors observe a small increase in effective mass to 0.074
growth direction is consistent with the analysis of previousfor x as low as 0.043%, rising to a value of about 0.13 for
PR measurements at 300 K, where Wual. estimated a x>0.1%%°
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There are several possible causes for the discrepancy ba-useful concept along the growth direction in GaNAs/GaAs
tween our calculated room temperature masses and the elxeterostructures. The calculated valuesn*mj are enhanced
perimental values. First, the mass values we calculate atompared to GaAs but still lower than those measured at low
300 K are smaller than those determined at Ilow-temperatures. Previous analysis has however confirmed the
temperatures; with decreasing temperature the conductiomssefulness of the method for describing, e.g., the effective
band edge approaches thelevel and thus level repulsion mass away from the band edge and also the gain character-
effects increase, leading to an increasing effective electroistics of GalnNAs QW'’s. Further work is still required to
mass. Also the value of effective mass derived from cyclo-underpin and fully justify the theoretical model but neverthe-
tron resonance measureméftd cannot be compared di- less the results presented here provide a useful approach to
rectly with the in-plane effective mass defined here. Previoushe design, modeling and physical investigations of
analysis has shown how strong nonparabolicity introduce&aIn)NAs/GaAs heterostructures.
differences between the two valu&g?%0 However neither In summary, we have given an analytical model and a set
of these factors appears sufficient to explain the observedf material parameters for predicting the transition energies
mass values. We suggest that the most likely cause of thend in-plane effective masses of the electron subbands of any
observed discrepancy is related to the presence of a smallaNAs;_./GaAs QW with well width between 2 and 25 nm
number ofN related cluster states, which lie close in energyand N compositionx of 1-4%. This model can be readily
to the conduction-band minimuf.These cluster states are modified to describe any GalnNAs-based QW'’s. Such mod-
omitted in the two-level BAC model of Eql). Although  els will be useful for the analysis and optimization of Galn-
there are comparatively few cluster states, tight-binding calNAs laser structures.
culations we have undertaken indicate that those cluster
states which are close in energy to the conduction-band mini- ACKNOWLEDGMENTS

mum can hybrldlze with thé&_ state®® This hybridization We are very gratefu| for funding by the DF@;ermany,
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observed increase in effective mass. samples, H.P. Xin and C.W. Tu for providing the MBE
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A ten-bandk -p Hamiltonian has previously been used to

describe successfully the variation of ground state and APPENDIX A

excited-state confinement energy in(BaNAs QW's as a The 4% 4 determinant which must be satisfied for allowed

function of QW width, N composition and hydrostatic even solutions of Eq() is given as

pressurg33 |t has also been used to design the layer struc-

ture in GalnNAs/GaNAs/GaAs heterostructures. The calcu- N~ ayscothlkzul) -1 0
lated gain spectrum of 1.8m GalnNAs QW lasers was in O agcothk,Ll) 0 -1
excellent agreement with the measured gain spectftffh, — apk,_tan(k, L) anskos K 0O

thus allowing the model to be used to predict that the gain
characteristics of 1.m GalnNAs QW lasers will be com- ~acbuktanlk L) acbuke 0 by,
parable to or exceed those of InP-based An3 lasers'>4 (A1)
Theoretical analysis based on the tight-binding method h
justified this ten-bané -p model for bulk GaNAs but has not
yet provided a rigorous derivation of how to apply the model  ansac[byk,tan(k, L) — bpr,_](kyy + Kpe)

to heterostructures, including the choice of appropriate _ _ _
boundary conditions across the heterointerface. We have ap- an-osL ke tanlkeL) = sz J(Buky: + Do) =0,
plied the model here assuming a sharp interface between the (A2)
GaNAs well gnd QaA; barrigr. This assumption ngeds MOrG here we have let coth
careful consideration in a dilute alloy; only one in 50 As

atoms is replaced bl in a 2% alloy. Nevertheless the ap- _ aVie 0 A3
plication of our method to analyze PR data on a wide range Ger =7 b,(Ex— E) + a(E. - E) anNe (A3)
of samples shows that the assumption of a sharp interface )

works well(even in 2 nm GaNAs layeysalthough it is clear  if @—0. Equation(A2) then reduces to

that the true boundaries will not be so sharply defined. The byk,_tan(k,_L) — byk,- =0, (A4)
strong disordering introduced By will also weakerk selec-

tion in the alloy, so that the concepts of band dispersion an#hich is identical to Eq(10) in the main text.

effective mass are not as well defined as in a conventional APPENDIX B

alloy.>* Nevertheless our theoretical description of the zone-
center confined state energies, and their pressure dependencdn the frame of the BAC model, the probability of finding
across a wide range of samples shows that the dispersian electron from théth confined state to be in the welPl(W),
calculated using either the ten-band or the two-band model is given by

Ahile the corresponding secular equation is

,:L)—1 asa— 0, and where
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o sin(2k,_L)/2k,. + L

= Bl
DT e 2ok, L) K, + sin(2k,_L)/2k, + L BD

for even states and

PHYSICAL REVIEW B 69, 245305(2004)

' e Psin(k, L) K, — sin(2K,_L)/2K,_ + L

for odd states, wherk,_ is defined in Eq(11) of the main
text.
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