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Magnetophotoluminescence of GaM\l,Ga;_,N quantum wells:
Valence band reordering and excitonic binding energies
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A reordered valence band in GaN{&a, _,N quantum wells with respect to GaN epilayers has been found
as a result of the observation of an enhangéactor (g* ~3) in magnetoluminescence spectra in fields up to
55 T. This has been caused by a reversal of the states in the straij@@a AIN barriers thus giving different
barrier heights for the different quantum well hole states. Fkemcalculations in the quasicubic approxima-
tion, a change in the valence band ordering will account for the observed values fpfattiers. We have also
observed the well-width dependence of the in-plane extent of the excitonic wave function from which we infer
an increase in the exciton binding energy with the reduction of the well width in general agreement with
theoretical calculations of Bigenwalet al. [Phys. Status Solidi B16, 371 (1999] that use a variational
approach in the envelope function formalism that includes the effect of the electric field in the wells.
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I. INTRODUCTION IIl. EXPERIMENT

We have performed magneto-optical experiments in both
The recent understanding of the influence of macroscopisteady and pulsed magnetic fields on single quantum well
polarization in nitride materials has inspired a closer look asamples with different widths of 4, 8, 12, and 16 monolayers
the properties of AiGa_,N-based quantum wells where (ML). One monolayer corresponds to 2.59 A therefore giv-
these effects are stronger than found with the more commeidg about 10, 20, 30 and 40 A, respectively. The three
cially attractive InGa, _,N system. samples described in this paper are described ?n Table I. The
The typical optical characterization of a GaN/@h, ,N  Structures were grown by molecula_r beam epitaxy on GaN
quantum well sample finds a single peak in luminescence 4EMPlates on sapphire substrates with 200 nm QG&| _xN
energies that are strongly dependent on the width of th@'OWn as a buffer layer before the quantum wells. For

wells and the aluminum content of the barriers. The energiegarnples N298 and N307, the technique of epitaxial lateral

of these peaks have been quantitatively understood in term%vergrowth (ELOG) was used to improve the template

. . . Quality? The sample widths and the aluminum composition
O.f the guantum-confined ;tark effect from which the eIecmcwere determined through reflection high-energy electron dif-
field caused by the polarization can be deduced. It has be P ction spectra observed during the growthhe magnetic

found that the field has a strong linear dependence on thg, ;a5 parallel to the hexagonalaxis of the crystal, and
aluminum concentration reaching almost 1.5 MV/cm for anperpendicular to the plane of the quantum wells. Excitation

Al composition of 2_7%1- _ o and detection were carried out at normal incidence.
The optical quality, as determined from the emission ef- Tnhe results that will be discussed are low- and high-

ficiency, is better in the §Ga _,N/GaN system compared to excitation photoluminescend®L) with fields up to 55 T at
the GaN/ALGa _«N structures, whereas for the emission 4.2 K where the effects of the field can be seen through a
linewidth the opposite is true. The latter is likely to be re- shift of the luminescence peaks. For the high excitation den-
lated to the position of the ternary alloy in the structure, itsity PL the source was a pulsésl ng frequency-quadrupled
being in the active region in J&a, _,N structures where an Nd:YAG (yttrium aluminum garnet laser at 266 nm,
inhomogeneous composition would have a greater effect.

Typically the best linewidths in §Ga,_,N/GaN structures TABLE I. Details of the samples grown by molecular beam
are about 40 meV,which can be compared with about 20 €Pitaxy (MBE).

meV for GaN/ALGa,_,N wells! The development of these

high-quality ALGa,_,N/GaN quantum wells(QW’s) has Sample Description

now allowed measurements to be made of the magnetan257 4 SQW’s of 4, 8, 12, 16 ML separated

optical properties in nitride-based quantum wells. by 100 A of AL,Ga,_,N at 13%. MBE template.
Due to the linewidths already mentioned, the large effecN307 SQW of 8 ML wide with A}Ga, _,N

tive masses and the large exciton binding energies in these barriers with 8% Al. ELOG template.

materials, it is necessary to use very high magnetic fields ta29s 4 SQW's of 4, 8, 12, 16 ML separated

see any effects. This leads us to use pulsed-field magnets that by 100 A of AL,Ga_,N at 8%. ELOG template.

can currently give fields of up to 55 T.
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FIG. 1. High- and low-excitation photoluminescence of sample FIG. 2. Magnetic field dependence of the low-excitation photo-
N257 from four separate quantum wells, of widths 4, 8, 12, 16luminescence for the 4 monolayer quantum well in sample N257.
monolayerg10, 20, 30, 40 A) scaled for a comparison of the peakThe spectra are offset for clarity.
positions.

o L , The effect of the magnetic field on the 4ML QW in
whereas for the low-excitation density it was the 244-nm I'”esample N257 can be seen in Fig. 2, and shows a shift of the
from a cw frequency-doubled argon laser. For the latter in,minescence to lower energy. The form of this shift is de-
the pulsed f|elds, a masked chopper wheel was U,SEd to prB’endent on the width of the wells, and is shown in Fig. 3. In
duce a train of short laser pulses,0.3 ms duration, al qer 1 determine the peak positions a center-of-mass
~100 ms intervals. A pulse from this train triggered the nehog was used in preference to a peak-fitting routine.
magnet system so that the next laser pulse coincided with theyis decision resulted from the difficulty of deciding the
maximum of the pulsed field, where there is little change in.q ract form of the peak as it is slightly asymmetric and thus

the field (<1%) over a 0.3-ms time scale. A charge-coupledgg,ses problems for a Gaussian fit. The center of mass is also
device cooled to-70°C attached to a quarter meter Spec-ynown as the first moment, and is given by

trometer was used to detect the PL.

lll. RESULTS fl(E)EdE
Figure 1 shows the low- and high-excitation PL for Mi="—F—. (1)
sample N257. Several PL peaks can be seen that can be f |(E)dE
attributed to the different wells. Between the low and high

excitation, we have observed a shift in the PL that is strongly
dependent on the width of the wells, ranging from 1 meV forFor the spectra with several peaks, the minima between them
the narrowest up to 20 meV for the widest. This is in agree-at zero field were chosen as the boundary conditions for this
ment with the idea that in-built electric fields play an impor- routine. Since it is the shift with magnetic field that is re-
tant role in this sample via the quantum-confined Starkquired rather than absolute positions of the peaks, this is
effecf and that they have been screened by the excited cawalid because the intensity at these points does not change
rier population. Previous measurements have calculated thsgnificantly with field (1% of peak intensity
field to be~550 kV/cm?! The most obvious consequence of  For the widest wells there is a diamagnetic blueshift of the
this is seen through the observation of PL from the widestransition energy, but as the well width decreases we observe
well at 3.42 eV, which is below the band gap energy of bulka transition to a redshift, which for the 4-ML well is approxi-
GaN at 3.49 eV. Unfortunately, for this sample, the bulkmately 2 meV at 50 T. Eventually at the highest field the
feature coincides with the PL from the 12 ML QW, so that redshift stops and appears to be overtaken by a smaller dia-
luminescence from the bulk template superimposes a strugnagnetic term.
ture onto this peak. For the widest well, two components are observed that
The low-intensity excitation is of the order 0.25 Wcf  have different dependencies on magnetic field. The observa-
and can be considered to be in the regime where selftion of two peaks has previously been suggested to be due to
screening of the electric field is negligible. The exact excitafluctuations in the well width, corresponding to 16 and 17
tion intensity of the pulsed laser is difficult to determine ML. We see an enhancement of the 16-ML peak with field
precisely, but can be estimated to be greater by about fiveo that it dominates the spectra at high field, which is con-
orders of magnitude. The magnetic field results discussedistent with this proposal and the suppression of the in-plane
below were therefore taken using the low-intensitytransport. The excitons are then less able to find the potential
guasi-CW excitation. minima caused by the fluctuations before recombining.
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TABLE Il. The magnetic field fitting parameters for the differ-

st | o 4ML/10A ent GaN/AlGa, _,N samples along with a bulk reference.
S Sample N257 T (K) g* o €VIT2)
35681 2
* 4-ML QW 15(1) 3.1(1) 0.99(7)
3580 T T T T T 1 8-ML QW 13(1) 2.9(2 1.3(1)
12-ML QW 131) 3.3(3) 2.1(2)
s 8ML/20 A 16-ML QW 5(5) 1.8 (4) 3009
é 3539 _\.\v-.‘(d N298
el ®
g 3538 | * 4-ML QW 93 3.1(2 1.1
& ] 8-ML QW 8(3) 2.5(2) 1.0
L 12-ML QW 5(5) 2.0(2) 1.4(1)
12 4 12ML/30 A N307
—— 8-ML QW 17(3) 3.4(2 150
o . > G889
3510 - . Bulk 0 2.04(3)
O 1 20 30 40 5 6
Magnetic field (B) shift coefficient. These last two parameters will be individu-
ally discussed in the following sections. The temperatures
3533 . deduced simply reflect a heating of the carriers by the high-
< 8ML/20A excitation intensities onto the sample. These were necessar-
g 3532 ily rather high in order to detect sufficient signal in the short
5 asst . time duration of a single pulse~0.3 ms).
()
t=
W 3530 . . : . . IV. DISCUSSION

o -

10 20 30 40 50 60
Magnetic field (B)

A. Zeeman splitting

The g factors for the different samples are compared in

FIG. 3. Magnetic field dependence of the low-excitation photo-Fig. 4, and show a general trend towagfs~ 3 for the nar-

luminescence for the different quantum wells for sample N28g)

rower wells, with it reducing ta@* ~2 for the wider wells.

and N307(bottom, along with the fits to the data as described in This is particularly noticeable in sample N298.

the text.

The observation of a Zeeman splitting through a clear

) _ redshift is surprising, since in the magneto-reflectivity of
_ The shiits for all 'ihe wells can be described by the expresGaN epilayers, no such splitting is seen. From the results in
sion,E(B) =Eo=* 79" ugB+ y,B* so that the overall depen- pylk GaN the lowest transition, associated with the A va-

dence for each Zeeman-split component is determined by the
relative magnitudes of the linear Zeeman and quadratic dia-
magnetic terms. The linear Zeeman shift causes the transitio
to split into two, of which we see predominantly the lowest
energy component. The S shape observed especially for thig
narrower wells at the lower fields can be explained as result-E
ing from a significant thermal population in the upper com- &
ponent whilst the Zeeman splitting is still small. This effect £

is particularly noticeable when the width of the luminescence §
is large compared with the shift in magnetic field &0 as %
is the case in these samples. 2

The magnetic field dependence of the center of mass caL%
then be expressed in terms of the populations in each com3
ponent,nt andn],

nf—n|

E=Eo+%g*MBB(m) +y,B2, 2

with the ration{/n| given by a Boltzmann distribution.

4 =
: %
J L
o8
*
4 T Ig*, 1>2
2_ _———— _———
e *
T Ig*, 1<2
| Sample
14 B N257 13%Al
O N298 8% Al
A N307 8% Al SQW
o T T v v v T v v T T T T T 1
0 4 8 12 16 20

No. of monolayers (ML)

Table Il shows the values deduced from the experiments for FIG. 4. The experimentally determined well-width dependence

the characteristic temperatures,factors and diamagnetic of the g factors.
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lence band, does not split for the same orientation as the
experiments described hét@This is due to a cancellation of
the electron and holg factors when the magnetic field is
parallel to thec axis. Even for theB valence band there is a
similar compensation leading to an excitomjcfactor, g*
=1.24. So as both theoretical and experimental work on
Al,Ga, _,N heterojunction® suggest that the electron effec-
tive g factor should not change from a value of2 as a
result of confinement, we conclude that instead the fgple
factor must have drastically changed in the narrower quan- e : R B ke
tum wells due possibly to a significant change in the valence B
band structure. ' ' ! ' ' !

The reduced symmetry of the wurtzite with respect to the
cubic structure is represented in the Hamiltonian through the
crystal field. If spin-orbit effects are neglected, the crystal FIG. 5. A schematic diagram based on a finite quantum well
field reduces the degeneracy of the valence bands with difnodel showing how the quantum well energies can cross at a par-
ferent z components of orbital angular momentum. With ticular well width for two bands with different offsets.

spin-orbit terms included there are then the three usual _ 10 : _
bands:A, B, andC with symmetried’s, T'5, andl',, respec- duced by Stepniewslet al.” With this model, the wurtzite
tively, that have the following separations: Hamiltonian can be approximated as a cubic Hamiltonian

that is uniaxially strained along thi&11] direction. Thecrys-
8 12 tal field from the wurtzite vocabulary can then be translated
(Acr+Aso)2__AcrAso} ] into a heavy-hole—light-hole splittindgHH-LH) in cubic lan-
3 guage. Therefore with zero strain, corresponding to zero
(©) HH-LH splitting or zero crystal field, we find the usual zinc-
blende band and spin ordering. The bulk wurtzite case is also
indicated, corresponding to a finite strain or crystal field, and

Barrier

—— A-band
B-band

Transition energy

Well width (A)

1
Ea— EB,CZE( (Agr+Ago)+

whereA, andAg, are the crystal field and spin-orbit energy

terms, respectively. this correctly reproduces the spin ordering in GaMhereas

This is for the. case.of a bulk semlcon_ductor. With theAIN would correspond to the far right of the graph with a
effects of a two-dimensional quantum confinement, the ener;

ies are usually understood in terms of the envelope functioIarge positive HH-LH splitting. The crossing, or more cor-
9 € usuaily ) P . Pectly anticrossing, of th&'; states causes a reversal of the
approximation that are then dependent on: the effectiv

. . . 3pin ordering thus changing the sign of thdactor for the
masses in the well and barrier, the valence band pOtent'aIOF\)/vestl“ r, r?ole band. Tghisg procesgs alst;[glowers its energy

zgg dtsh?omgggl)getzﬁr\glgltlé dT?éstr?:ubsji (tahnzrenetrgrl;ss (|)rf1 tg%elow thel'g A valence band so that transitions involving
9y Ghis band are favored in luminescence. Excitogitactors

(3). Instead effective spin-orbit and crystal field terms can beIess than 2 occur for the lowest bands to the left of the

used to account for the spllttlngs_ of the B,_and_C valence anticrossing in Fig. 6 as indicated, whereas they are greater
bands, where the nomenclature is now strictly in terms of th%han 2 to the right

band symmetries and not the ordering.

For the GaN/AlGa_«N system, it is known that in bulk electrons (g* = 2)
AIN the crystal field splitting has the opposite sign to that of | B = 60T
GaN thus inverting the order of the states. This would lead to
a reversal of the states at some critical value xoin 140
Al,Ga,_,N,*? though this value is not experimentally
known. The more important consequence for this work is 1205
that this will cause different valence band offsets for the
different bands and Fig. 5 shows how this effect can lead to
a reversal of the quantum well states, even when the sam
masses in the direction,m, are used(In fact m is iden-
tical for the A and B valence bands.This calculation was
carried out for a symmetrical quantum well, which is known
to be invalid for these samples. However the effect of a
strong electric field will be to bring the confinement energy
closer to the barrier offsets thus making them more important 0 . T . —— . T .
and enhancing the reversal effect. oo 0 600 20 0 20040 60

. HH-LH splitting (meV)

A reversal of states has a profound effect on the spin
ordering of the valence band that can be clearly seen through F|G. 6. The effect of the crystal field on the spin ordering of the
the results of calculations in Fig. 6. These were calculategalence band and the resultiggactors.I'; states are indicated as
using the Luttinger approathwithin the quasicubic model solid lines, and states are dashed. The vertical arrows show the
at a magnetic field of 60 T, using the band parameters deallowed optical transitions.

-

=

o
1

Energy (meV)
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70 T T T T T state to have &'; character and the inverted spin splitting
would account for the observed enhanced effecgifactor.

The increase of the value for sample N307 in Fig. 4 with
respect to the same width in the other samples can be under-
stood in terms of the distributions of the electric fields.

60

< Where more than one quantum well is present, the finite
@ sol thickness of the barrier allows a redistribution of the polar-
= ization fields between both the well and the barrier, whereas
E the field is solely in the wells for the SQW. This will push
2 a0l the hole states further into the barrier material.

E- B. Diamagnetic shift

30 The magnitude of the diamagnetic shift in equati@his

determined by the size of the exciton wave function in the
plane perpendicular to the field. From this it is possible to
20, n s 12 16 20 24 infer the excitonic binding energy and the following section
i describes how these parameters have been determined for the
Quantum well width (ML) different quantum wells along with values corresponding to
FIG. 7. Comparison between the experimerpaiints and the-  the bulk case. o .
oretical valuegsolid line) for the in-plane extent of the excitonic ~ 1he effect of a magnetic field can be considered as an
wave function for different well widths. The theoretical values are€Xtra confining potential on the already localized excitonic
determined from considering a two-parameter variational trial func-System in both two-dimensionéD) and 3D cases. The bulk
tion for a series of GaN/AGa _,N QW’s with Al barrier compo-  data can be fitted very well to a full numerical calculation for
sition x=0.27. The experimental values are from sample N257 and@ 3-dimensional hydrogen atom in a magnetic fizithat
are deduced from the diamagnetic shift of the luminescence. uses the excitonic binding energy and the reduced mass as
fitting parameters. The binding (la7nergy for our particular
.__ sample was determined by Netial."" as 24.1 meV by iden-
For a GaN/A\Ga -, quantum well structure the precise t{'fying the 2s excited state, and this enables the fitting to give

band ordering of the confined states is hard to predict since L "o quced mass of 0.160 m, as the only free parameter.

is critically dependent on both the well and barrier propertiesl_hiS numerical calculation reduces @3 dependence in the

due to the electric field. As an extra tool, x-ray measurements, g limit, so that by fitting the low-field data we obtain

can be used to examine the crystal properties and give mfo%-1 coefficient, y,= 2.04(3) w eV/T? that we can use in a

mation on the strain that is present. In these samples, it hqg ot comparison between the bulk and QW data.
been shown that the fBa N barriers have the same in-  The diamagnetic coefficient for an exciton is given
plane lattice constant as the GaN template, it being Iarge‘5y,18,19

than if they were unstrained, resulting in them having a ten-
sile biaxial strairt: Therefore the well material is unstrained e2
and has a normal wurtzite GaN valence band structure, 7228—<p2>, 4
whilst the barrier has the opposite ordering due to the AIN #
contribution in the alloy and the strain present.
The latter can be estimated from using a linear relation

where u is the reduced mass of the exciton amds the
‘separation of the electron and the hole in the plane of the

ship for the lattice constant, giving an in-plane straip,

quantum well. Therefore the diamagnetic coefficient contains

=&,,=0.31% for an aluminum content of 13%. This con- jnformation about the zero-field properties of the exciton and

tributes to the crystal field splitting through,,+ 3Dse,,
with &,,= —2C13/Czzeyy~—0.51,,, and D3;~6 eV to
give 3D3e,,= 14 meV!? As experimental values af, for
GaN are very close to this valud1-15 meV,*® once the

can give a value for the in-plane extent of the wave function.
From the & orbital in the hydrogen atom, the expectation

value ofr? is, (r?)=3ag?, wherea} is the effective Bohr

radius.r? can then be converted to an in-plane size through

contribution of the AIN is also included, the barriers are very(p?)=2(r?). If the exciton is assumed to remain essentially
much in the regime for a reversal of states to occur. Figure three dimensional, the effective binding enefy can then

of Kim et al!? shows a calculation for a similar tensile bi- be deduced through scaling with respect to the hydrogen
axial strain in GaN that clearly shows a reversal of the stateatom,

with the anticrossing also giving the lowest valence band a

heavier mass than would be otherwise expected. 1 af
Therefore our results suggest that the ordering of the va- R* = _ORH, (5)
lence band has changed for narrow quantum wells, perhaps &r aj

as a result of the lower barrier height for the crystal fiEld

band caused by the strain and the aluminum content in thethereay is the Bohr radius an&" is the Rydberg constant.
barriers. The reordering of these states will cause the grount@his gives the following expression:
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TABLE lll. The in-plane extent and exciton binding energy for T T T T T
the different quantum well widths deduced from the diamagnetic 50 1’\\ —a—N25713% | ]
shift of the luminescence. 2% \ —O0—N298 8%
I \ —A—N307 8%
Width (A) In-plane extent Exciton binding
Sample (approx) of exciton (A) energy(meV) S 40
[0)]
N257 E
4 ML 10 28.5(1.0 36.5(1.3 B
8 ML 20 33.0(1.2) 315(1.2 :cj 30
12 ML 30 41.7(2.0 24.9(1.2 =
16 ML 40 49.4(2.5 21.0(1.1) g
N298 @ 20
4 ML 10 30.0(1.4) 34.6(1.6
8 ML 20 28.3(1.7) 36.6(2.2
12 ML 30 33.9(1.2 30.7(1.2) 10 . . . . .
0 4 8 12 16 20 24
N307 Quantum well width (ML)
8 ML 20 35.0(1.2 39.6(1.0
FIG. 8. Experimental values of the binding energies shown with
G889 calculations of the well-width dependence of the exciton binding
Bulk ) 40.9(5) 25.4(2) energies for a GaN/AGa _,N SQW including internal electric
fields. For a single parameter variational trial functighort dash
calculations are shown for four aluminum compositions, &.27,
* e’ 1 (ag RH)sD 0.17, 0.13, 0.08, whereas for a two-parameter functiong dash,
oIV pw— ®  x=0.27.
4u y2 & x

A similar equation assuming a two-dimensional excitonyariational parameter to govern the lateral extent of the wave
and hydrogen atom gives a slightly different relationship beynction, however for one an additional variational param-

tween these parameters and would predict binding energigger was included in the determination of the separation of

larger by a factor/3,%° the electron and hole along the confinement axis. In the
5 HeH single parameter trial function this separation is solely deter-
N 1 (@R%sp _ J3R? (77 Mined by the electric fields present in the structure, whereas
2D 4u y, g sbr an additional contribution from the Coulomb attraction is
allowed for in the two-parameter trial function.
The results from this calculation using Ef) assuming a The experimental results from N257 are shown alongside

3D exciton have been summarized in Table IH,£9.8 the theoretical calculations of the in-plane pseudo-Bohr ra-
[Refs. 21 and 2R u=0.18m, [Ref. 23). The similarity of  dius in Fig. 7. Our results agree well with the theory despite
the binding energy for the bulk deduced in this way, 25.3the lower aluminum concentration in the barriers, 13% com-
meV compared to 24.1 meV from thes-Rs separation, il- pared to the value of 27% used in the calculations.

lustrates the accuracy of this technique. By using the three- There are larger differences between the binding energies
dimensional model, these values give the low-energy limitddleduced fromy,, and this can be understood both from the
of the quantum well binding energies. simplicity of our model and the greater influence that the

Table 1l shows that as the well width is reduced, thehigher aluminum concentration is expected to have through
exciton size is also reduced resulting in a strong enhancehe increased electric field. However the data favors the in-
ment of the binding energy for the narrow wells, in agree-clusion of the field rather than its omission in square-well
ment with Bigenwaldet al?* and Grandjeam®t al* We also  calculations’*
observe a reduction of the exciton binding energy for the The single parameter trial function underestimates the
widest well due to the separation of the electron and hole tdinding energy for a given aluminum composition and the
the separate interfaces of the QW. Our results can be conmore accurate two-parameter function is shown only for an
pared with the calculations from Bigenwagdtial>* shown in  aluminum compositionx=0.27. From comparing results for
Fig. 7 and Fig. 8 of the in-plane extent and binding energy ofk=0.27 for both models, it seems that the two-parameter
excitons in GaN/AlGa _,N quantum wells for different function for the appropriate compositioxs=0.08, and 0.13,
compositions and well widths. would accurately account for the data.

These variational calculations of the excitonic wave func- It should be pointed out that the theoretical results are for
tions were used to investigate the ground state of heavy hol¢he heavy-hole exciton, which we have shown is not the
free excitons under different levels of approximation. Twolowest state for these samples. This should not be significant
different forms of the variational ground-state wave functionfor the purposes of comparison because the excitonic mass
were considered in the calculations. Both included a singlevill be predominantly determined by the electron mass. The
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relevant hole mass would be an average over the top of the V. CONCLUSIONS
valence band within an exciton binding energy from the band . . .
edge, and is likely to be heavy as a result of the valence bar(lﬁd This work has presented_ magnetoluminescence data in
mixing associated with the band reordering. Both theory and€'dS Up to 55 T for three different GaN/&ba N quan-
experiment use the heavy-hole exciton mass as a first apdM Well samples that shows a strong well-width dependence
proximation. of the shift of the luminescence peaks. The high-pulsed fields
In converting from the diamagnetic coefficiepj to the =~ Were essential in the resolution of the different dependencies,
binding energy a three-dimensional model was used as a banhd even when the immense amount of work on the sample
sis rather than a two-dimensional model. This will have thegrowth in the future is considered with the expected im-
tendency to underestimate the quantum well binding energyprovement in quality, it is unlikely that this would allow
However the approximation remains reasonable due to botlwer continuous fields to be used due to the fundamental
the shrinkage of the in-plane wave function caused by thdinewidth limitations present.
increased binding and the considerable leakage of the bound- Our data shows that by observing an enharg&ttor for
state wave function out of the wells into the barriers. Thethe narrow wells, the valence band must have changed sig-
evidence for this includes both the change in the valenceificantly compared with bulk GaN. We have attributed this
band ordering and the maximum in the theoretical excitonido a reordering of the valence band states in the strained
binding energy at around 4 ML, where the peak value is onlya|,Ga,_,N barriers, giving different barrier heights for the
50% of the two-dimensional limit. different quantum well hole states. We have also observed an
The energy shifts that we have discussed are very small ifhcrease in the exciton binding energy with the reduction of
comparison with the linewidth. It is worth thinking of the the well width in agreement with calculations using a varia-
reasons behind this and the prospects for future experimentgonal approach in the envelope function formalism that in-
In the field of nitride semiconductors, it has become autocjudes the effect of the electric field in the wells. Better
matic to blame any sample inadequacies on the lack of agreement is obtained when the trial wave function includes
suitably lattice-matched substrate. However recent work oR consideration of the three-dimensional Coulomb potential.
homoepitaxially grown quantum well samples has suggested
that there is perhaps a fundamental limitation in the line-
width, similar to the Iinewidths present in this work, that ig ACKNOWLEDGMENTS
caused by the random positions of the group Il elements in
the ternary barrier combined with the large hole ma$%é%. We are grateful to the EPSROK) for the support of this
The strong internal fields, through causing a strong separavork and particularly the Lasers for Science Facility for the
tion of the electron and hole wave functions to the oppositgrovision of the frequency-doubled argon laser. P.A.S.
interfaces of the quantum well, thus make the optical propacknowledges financial support from Sharp Laboratories of

erties very sensitive to these barrier irregularities. Europe Ltd.
IN. Grandjean, B. Damilano, S. Dalmasso, M. Leroux, M. d¢fau in SemiconductoréWiley, New York, 1974.

and J. Massies, J. Appl. Phy86, 3714(1999. 12K, Kim, W. R. L. Lambrecht, and B. Segall, Phys. Rev.5B,
2N. Grandjean, B. Damilano, S. Dalmasso, M. Leroux, M. dtau 7363(1997).

and J. Massies, Phys. Status SolidiLA6, 219 (1999. 133, M. Luttinger, Phys. Rev102, 1030(1956.
3T. Wang, D. Nakagawa, J. Wang, T. Sugahara, and S. Sakat*Lowest in terms of the hole energy.

Appl. Phys. Lett.73, 3571(1998. 1511 and 12 meV from the review in Kinet al. (Ref. 12, 14.9
4The ELOG templates were provided by B. Beaumont and P. *0.3 meV from reflectivity of sample G889.

Gibart, CRHEA-CNRS, Valbonne, France. 16p C. Makado and N. C. McGill, J. Phys. 19, 873(1986.
5N. Grandjean and J. Massies, Appl. Phys. L&tt. 1816(1997.  ’G. Neu, M. Teisseire, B. Beaumont, H. Lahreche, and P. Gibart,
SF. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev58 Phys. Status Solidi R16, 79 (1999.

R10 024(1997). 183, J. Hopfield and D. G. Thomas, Phys. R&22 35 (1961); R.
71. V. Kukushkin, N. J. Pulsford, K. von Klitzing, K. Ploog, and V. G. Wheeler and J. O. Dimmockyid. 125 1805(1962.

B. Timofeev, Surf. Sci263 30 (1992. 195 N. Walck and T. L. Reinecke, Phys. Rev. &, 9088
8P. A. Shields, R. J. Nicholas, B. Beaumont, and P. Gibart, Phys. (1998.

Status Solidi B216, 17 (1999. 20M. Shinada and S. Sugano, J. Phys. Soc. 24n1936(1966.

°R. Stepniewski, M. Potemski, A. Wysmolek, K. Pakula, J. M. #'3D averageg = (&,)?%e)**.
Baranowski, J. Luusakowski, I. Grzegory, S. Porowski, G. Mar-2?A. S. Barker, Jr. and M. llegems, Phys. Rev. B 743
tinez, and P. Wyder, Phys. Rev.@®, 1 (1999. (1973.

1oy, Knap, E. Frayssinet, M. L. Sadowski, C. Skierbiszewski, D.%3This value is taken from the bulk calculations and is used as a
Maude, V. Falko, M. A. Khan, and M. S. Shur, Appl. Phys. Lett.  first approximation. The actual value will depend on the precise
75, 3156(1999. band ordering and mixing effects as described in the section

11G. L. Bir and G. E. PikusSymmetry and Strain-Induced Effects  entitled Zeeman splitting.

245319-7



SHIELDS, NICHOLAS, GRANDJEAN, AND MASSIES PHYSICAL REVIEW B3 245319

24p, Bigenwald, P. Lefebvre, T. Bretagnon, and B. Gil, Phys. Status Albrecht, J. Appl. Phys88, 183(2000.
Solidi B 216, 371(1999. 26M. Gallart, A. Morel, T. Taliercio, P. Lefebvre, B. Gil, J. Allegre,
25N. Grandjean, B. Damilano, J. Massies, G. Neu, M. Tessiere, I. H. Mattieu, N. Grandjean, M. Leroux, and J. Massies, Phys.
Grzegory, S. Porowski, M. Gallart, P. Lefebvre, B. Gil, and M. Status Solidi A180, 127 (2000.

245319-8



