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Effect of band anticrossing on the optical transitions in GaAs_,N,/GaAs multiple quantum wells
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Interband transitions in GaAs,N,/GaAs multiple quantum wells were studied at room temperature by
photomodulated reflectance spectroscopy as a function of well Wg#B8 nnj, the nitrogen concentration
(0.012<x<0.028), and hydrostatic pressuf@—64 kbay. All experimental data can be quantitatively ex-
plained using the dispersion relationship obtained from a band anticrossing model to calculate electron con-
finement effects in a finite depth quantum well. The results are consistent with a nitrogen-induced large
increase of the electron effective mass in the GaAsN quantum wells.
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Incorporation of small amounte<5%) of nitrogen into  tion band is a result of the formation of an impurity band
GaAs to form GaAs_,N, strongly reduces the fundamental below the conduction-band edge, analogous to effects ob-
band gap, resulting in a material system with band gap eneserved in semiconductors doped with electrically active dop-
gies covering 1.0—1.42 V3 The lattice parameter of cubic ants. One conclusion of the model was the prediction of a
GaN is much smaller than that of GaAs, and pseudomorphitarge electron effective magap to 0.5%n,; atx=0.009 that
GaAs _,N, layers grown on GaAs substrates are under bi-decreases with increasing N content. This conclusion ap-
axial tensile strain. Alloying of GaAs 4N, with InAs can be peared to be inconsistent with some experimental observa-
used to compensate the N-induced reduction of the latticéions of the effective mass in bulk GaAsN structute& The
parameter. lfGa,_,As; N, with y=3x is lattice matched potential for important practical applications clearly necessi-
to GaAs and has a similar N-induced energy-gap reductiotates a resolution of these conflicting interpretations and a
effect as that found in GaAs,N,.2 It has been demon- better understanding of the electronic structure of the Group
strated that practically all of the N-induced band-gap reductll-V N based quantum wells. In this paper, we report the
tion is accommodated by a downward shift of theresult of our studies of interband transitions in
conduction-band eddeTherefore, when GaAs,N,/GaAs GaAs_,N,/GaAs quantum superlattices. We show that the
or In,Ga, _,As; _,N,/GaAs quantum wells are formed, most hydrostatic pressure dependence of the optical transition en-
of the confinement energy is restricted to the electrons in thergies provides a critical test for the two different models of
conduction band of the alloy layers. In GaAsN,/GaAs the GaAs_,N, electronic structure.
quantum wells, a small contribution to the valence-band con- A series of GaAs_,N,/GaAs multiple QW’s with differ-
finement is expected from the symmetry-breaking biaxialent GaAs_,N, well thickness from 3 to 9 nm, N concentra-
strain. The ability to control the band gaps of tions 0.012x<0.028, and 20-nm GaAs barriers, were
InyGa, _ As; N, alloys, with only very small amounts of grown by gas-source molecular-beam epitaxy on semi-
N, generates a significant interest in applications of thesésulating GaAs substrate and capped by a 50-nm GaAs
materials for multijunction solar cells and Iong-wavelengthlayer.14 Photomodulated reflectance spectroscOpR) was
light emitters® performed at room temperature. A chopped HeCd laser beam

It has been shown that the incorporation of N results in 325 nm or 442 nmprovided the modulation, and a halogen
new optical-absorption edge whose position strongly detungsten lamp, dispersed by a 0.5-m monochromator, was
pends on hydrostatic pressbiend the N content.Signifi-  used as the probe beam. The hydrostatic pressure was gen-
cant progress in understanding the effect of N on the elecerated using a gasketed diamond-anvil cell and calibrated by
tronic structure of Group IlI-V N alloys has been recently a small chip of ruby placed in the pressurized volume.
made by studying the pressure dependence of the interband The PR spectra for GaAsN/GaAs QW’s with 7-nm well
optical transitions in InGaAsN alloysThe results of these and four different N concentrations are shown in Figa).1
experiments were explained by a band anticros¢B@C)  The feature at 1.42 eV arises from the GaAs cap layer and
model in which a highly localized N level interacts with the barriers. Two transitions at lower energies are also clearly
extended states of the host semicondu®fdthe BAC model  observed. We assign them to transitions from the GaAsN
did not only explain the existing data, but also predicted newalence band to the two confined subbands of the conduction
effects that were later experimentally confirntedt band, and denote them I&4 andE,. As shown in Fig. 1b),

Another model for the electronic structure of GaAsN al- both transitions shift to lower energy with increasixgcor-
loys has been proposed very recetttip the context of mea- responding to the band-gap reduction observed in bulk
suring confinement effects in GaAsN/GaAs quantum wellsGaAs _,N,.2"37We also note that the data in Fig. 1 and in
(QW’s). This “N-impurity band” model argues that in Group Fig. 2 below agree, to within experimental error, to similar
[lI-V N materials, the downward shift of the lowest conduc- data presented in Ref. 12.
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and the GaAs conduction band near thpoint, can be well
represented by a parabolic dispersion function with effective
electron massmg,,=0.06M,. The band gap of bulk
GaAs _,N,, given by Eq(1), agrees well with experimerfts
and is plotted in Fig. (). It can be seen that the ground-
level transition in the QWE,, is blueshifted from the bulk
energy gap due to quantum confinement.

To evaluate the confinement quantitatively, we applied a
finite-depth single square-well confinement model with the
depth and width of the well and the effective mass inside and
outside the well as input parameters. The electron dispersion,
given by Eq.(1), is nonparabolic, such that the electron ef-
fective mass in the conduction band is dependent orkthe
vector, which results in an inseparable Salinger equation.

] To simplify the calculation, we have assumed that the effec-

. 1050 S tive mass of the electrons in the quantum well can be ap-
105 115 125 1.35 1.45  0.01 0.015 0.02 0.025 0.03 proximated by an energy-independent density-of-states mass
E (eV) X at the bottom of the lowest conduction béid,

PR signal

FIG. 1. (8 PR spectra taken at room temperature for
GaAs _,N,/GaAs QW's with 7-nm well width and different N m**ﬁz‘
concentrations(b) First and second transition energies and E,
as a function of N concentration for GaAsN, /GaAs QW'’s with
7-nm well width. Solid curves: calculated values using the band —=2m* / 1— Em(0)—Ey L@
anticrossing BAC) model and finite-depth single well confinement Gahs \/[EM(O)_ EN]2+4CI2\IMX
with GaAs _,N, electron effective mass given by E(R); short-

dashed curves: calculated values assuming GaA§, electron ef- . . . o
fective mass equal toi,,.; long-dashed curve: band gap of bulk Th|s approximation can be justified by the fact that t.he con-
GaAsN given by the BAC model, Edl). fined states are close to the bottom of the conduction band

[see Fig. )]. Changes of the effective mass of less than 5%
In first_order perturbation theory, the BAC mode' predictsand 15%, are estimated fOI’ the ground State and firSt eXCited'

k
dE_(k)/dk

k=0

a hybridized lowest conduction band giver®By state energies, respectively.
1 Photoluminescené® and  x-ray  photoelectron
E_(k)= E[[EM(k)+EN]_ VIEm(K) —En1?2+4C3yx], spectroscopy studies of GaAg ,N,/GaAs heterostruc-

tures, indicate a slightly type-ll band lineup with a very
@D small negative  valence-band offset  of |AE,|

where Cyy=2.7 eV describes the interaction strength be-<20meV/% N. For this type-Il band lineup, the transition
tween the N leveE,, and the conduction band of GaAs, €nergies are not sensitive to the value of the valence-band
E\(K). The N level has been determined to lie<e0.23 eV offset, because the holes are not confined in t.he active _weII
above the GaAs conduction-band edge at room temperaturd@yer. Consequently, the lower states of the optical transitions
in the well are always located at the top of the valence band,
and the energies of the two observed transitions are given by
the locations of the ground and first excited states of the
confined conduction-band electroltsFor x<0.03, the lat-
tice constant of GaAs,N, changes from that of GaAs by
less than 0.5%’ The biaxial tensile strain introduced by this
small mismatch, may raise the valence bands of Gafs,
by 40 meV, at most® The quantum confinement on the holes
by this shallow well has been estimated to decrease the tran-
sition energies by less than 20 meV for all the QW'’s studied
in this paper. It is important to note that the small energy
115 s : : : . L shifts, resulting from the biaxial strain-induced hole confine-
ment, do not depend on the external hydrostatic pressure and
are the same for all the optical transitions observed. Also, the
FIG. 2. E, (circles and E, (square} transition energies as a Maximum energy shift is equivalent to the shift produced by
function of well width forx=0.016. Solid curve, calculated values @ change of the N content of less than 0.2%, which is below
with GaAs _,N, electron effective mass given by E®); short- the accuracy of the determination of the alloy Composition.
dashed curve, calculated values assuming Gas, electron ef- We can therefore argue that the conclusions of this paper are
fective mass equal tm%,,.; long-dashed lines indicates energy of not affected by the omission from our model of the effect of
bulk GaAs _,N, for x=0.016. strain on the valence-band offsets.
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The calculated energies &, and E,, found using the ' ' ' ' ‘ '
well depth and QW effective mass obtained from E@S.
and(2), are shown as solid curves in Fighl The calcula-
tions are in good agreement with the experimental results.
The agreement is even more remarkable considering the fact
that no adjustable parameters have been used in the calcula-
tions. That is, we have used paramet@rg.,Ey and Cyy)
that were previously determined from the studies of the com-

position and pressure dependence of the optical properties of 4

InGaAsN alloys>® For all the four samples shown in Fig. 1, 12p 1
the effective mass calculated from H§), is equal to about 67771020 3040 50 60 70
0.11m,, which is over 60% larger than the electron effective P (kbar)

mass of GaAs. To demonstrate the effect of the heavier elec-
tron mass, we have also calculated the optical transition ens.
ergies, assuming that the electron effective mass of GaAsl,

alloys is the same as that of GaAs. The results are shown 8. (2); short-dashed curve, calculated values assuming GaRg
dashed curves in Fig.(l). Clearly, much better agreement gjgctron effective mass equal tat,, .. The pressure dependencies
with the experiment is reached when the N-induced enhancgy pand edge in bulk GaAs,N, expected from the BAC model
ment of the electron effective mass is incorporated in thgqot dashepiand the N-cluster levelong dasheyifrom Ref. 21, are
model. Similar values of the effective mass have been theggso shown.

retically predicte’ and experimentally observed before. ) )

Jones and co-workers measured via three different tecarger than the effective mass of the GaAs host. It is also
nigues an effecive mass of ~0.13n, for  evident from Fig. 3 that, as shown by the dashed curve, the
IN.0/Ga, 6420 0dNo 02 1 Hetterich et al. observed an effec- calculations assuming a pressure-independent effective mass,

tive mass increased by 0.03m, in a INGaAsN alloy with are in disagreement with the experimental results at high
1.5% N2 All these independent results agree reasonabhgressures. The increase of electron effective mass with pres-

; ; o ure has also been reported in Ref. 13.
well with the values predicted by E€R), but are in disagree- : L
ment with the much larger value§rom 0.58m, at x The pressure dependence of thelevel provides a criti

-~ a cal test for the different theoretical models of the electronic
ﬁqﬁgogr't tobar?d4r?1]8de?rt2 x=0.020 deduced from the band structure of Group IlI-V N alloys. According to the

-IF'purclayZ shows the .o tical transition eneraies as a f nCl_\I—impurity band model, the conduction-band edge is formed
_ g ws p ANSH gt >ald by the states of N atorslusters!? Previous measurements
tion of the well width for a fixed N concentratiornx

. . . h h hat th f th lev-
=0.016. The data clearly show increasing quantum confine ave shown that the pressure dependence of the energy lev

t with d . Il width. Again. the th tical cal els of the N clusters is very weak and -5 meV/kbar at
ment with decreasing well widtn. Again, the theoretical cal-, ey pressure ancbntinuously decreasesith pressure

culations agree well with the measured data, if the heaV|e{0 ~3.5 meV/kbar atP~30 kbar2! Within the N-impurity
effective mass, given by EQR), is used in the calculations as band model, since the spatial overlaps between the highly

(k)]ppolsed ftfo ? fixed vqlue of 0?'&3 The effedctf ofththe t.Iocalized wave functions of different clusters do not depend
cavier efiective mass 1S especially pronounced for the op Iétrongly on pressure, it is expected that the conduction-band
cal transitions to the first excited state in the wéll).

. . edge should also have a similarly small pressure coefficient,
The hydrostatic pressure dependence ofEhdransition g y P

and the effective mass should not depend on pressure. As

is shown in Fig. 3, along with the predicted pressure depenéhown in Fig. 3, the pressure dependence predicted by the

dence of the GaAsN conduction-band edgg. Similar to N-jmpurity model is much weaker than the experimental
the case at ambient pressure, the pressure—dependencedgtan

Epui can be calculated with Eq1), by using the known In summary, the optical transitions from the valence band
pressure dependenciestsfj andEy . It can be seen that the 5 the ground and first excited subband in GaA, /GaAs
confinement energyE, —Ey,, decreases with increasing ,iinle quantum wells, have been studied by photomodula-
pressure. This effect is a result of the pressure-induced iryjo, spectroscopy. The dependencies of the transition ener-
crease of the electron effective mass predicted by the BAGiag oy the well width, the N concentration, and hydrostatic
model-” Because of the much different pressure coefficientg) osqre, have been investigated and discussed. The results
of the extended stateslEy /dP=10.8 meV/kbar) and the g6y, an increase of the electron effective mass-@11m,
localized N states dEy/dP=1.5meV/kbar);” the 44 0120x<0.028 in the GaAs ,N, layer, due to the an-
conduction-band edge shifts towartly under hydrostatic  crossing of the N localized states and the conduction band

pressures. According to Eqgdl) and(2), this shift leads to & of the host. This effective mass also increases with hydro-
flattening of the dispersion relation and an increase of thg;,sic pressure.

electron effective mass in the lowest conduction band. For
the example in Fig. 3, the effective mass increases from One of the author§].W) acknowledges financial support
0.11mg at ambient pressure to 0/28 at 70 kbar, four times from the University of California, Berkeley. The work at

FIG. 3. The first transition energ, as a function of hydro-
tic pressure fox=0.016 and well width-7 nm. Solid curve,
culated values with GaAs,N, electron effective mass given by
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