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Electric-field strength, polarization dipole, and multi-interface band offset
in piezoelectric Ga12xIn xN/GaN quantum-well structures
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The piezoelectric properties of Ga12xInxN/GaN multiple quantum well structures are analyzed in two sets of
samples covering the composition range of 0,x,0.2 and well widths 23 Å<Lz<130 Å. In photoreflection
spectroscopy we observe Franz-Keldysh oscillations near the barrier band-gap energy and directly derive huge
electric field values in the range of 0.23–0.90 MV/cm. The field scales with composition and strain. The onset
of Franz-Keldysh oscillations marks a three-dimensional critical point that tunes with the electric field and well
width. It is found to correspond to a direct interband transition between continuum states controlled in energy
by the polarization dipole, i.e., the product of the polarization field and well width. By variation of the
composition alone the level can be tuned over a large energy range from 3.15 to 3.37 eV. This correspondence
provides a direct means to accurately determine the properties of such polarization controlled systems.
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I. INTRODUCTION

The emergence of high-quality heterostructures1,2 of
wurtzite group-III nitride semiconductors reveals new mea
of electronic band-structure control. The uniaxial nature
this compound system together with partly ionic bondi
conditions give rise to large polarization and piezoelec
effects3,4 in thin-film heterostructures typically grown alon
the uniquec-axis z. From an observation of the quantu
confined Stark effect in the bias voltage dependence of
luminescence in Ga12xInxN/GaN quantum wells~QW’s! we
recently concluded the presence of very large electric fie
within the pseudomorphically strained well layers.5 In thin
strained Ga12xInxN/GaN films we moreover identified
Franz-Keldysh oscillations6 ~FKO’s! and directly determined
field strengths up to 1.1 MV/cm (x50.18).7 FKO’s have
also been identified in AlyGa12yN/GaN layers.8 These large
field values should also reflect in the electronic level sche
of the QW heterostructures. Here, we report the observa
of a three dimensional critical point in the joint density
states~DOS! which is controlled in energy over a wide rang
of 225 meV by means of piezoelectric heterostruct
design.9 We employ photoreflectance~PR! spectroscopy on a
large set of Ga12xInxN multiple quantum well~MQW! struc-
tures with variable compositionx and variable well width
Lz . We derive field values in the QW’s and determine t
multi interface bandoffsets and the associated piezoele
dipoles.

II. EXPERIMENT

A set of nine pseudomorphic Ga12xInxN/GaN MQW
structuresA,B, . . . I with variable composition was grow
by metal organic vapor phase epitaxy on~0001! sapphire
using the technique of low-temperature deposited AlN bu
layers.5,10 On top of a 2-mm GaN epilayer five sequences
PRB 610163-1829/2000/61~3!/2159~5!/$15.00
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Lz530-Å Ga12xInxN QW’s embedded inLb560-Å GaN
barriers were grown withx in the range of 0,x,0.2. From
a dynamical x-ray rocking analysis the composition of thr
samples was determined to bex50.12~sampleE), 0.15 (F),
and 0.18 (H).1 A second set of four Ga12xInxN/GaN MQW
samples with variable well width was grown using a simi
growth process and low-temperature deposited GaN bu
layers. On top of a 2-mm GaN epilayern5$9,6,5,3% se-
quences ofLz5$23,34,47,70% Å Ga12xInxN QW’s of com-
position x5$0.13,0.13,0.13,0.11% were embedded inLb
52Lz GaN barriers, respectively. A further control structu
of 4 wells with Lz5Lb5130 Å, x50.06 was grown in a
process similar to the latter. For all samples the well a
barrier regions are undoped at residual donor concentrat
of about 1017 cm23.

Excellent compositional homogeneity of the material
the length scale 1<r<50 mm was assessed by spatially r
solved micro photoluminescence~PL! at excitation power
densities of 1 mW/mm2.7 The full width of half maximum
variation of the peak energy was typically<20 meV. PR
was measured using a Xe white light source and above
rier band gap excitation by an 325 nm, 40 mW HeCd la
for photomodulation. A mechanical chopper at 1.4 kHz a
lock-in technique was employed for the detection. To fo
the PR signal the ac component was normalized to the
part. Due to the excitation geometry thickness interfere
fringes did not occur in the ac part nor in the dc part.6 All
experiments were performed at room temperature.

III. COMPOSITION DEPENDENCE

PR spectra over a selected energy range of the full c
position set are presented in Fig. 1. Spectra are arrange
the sequence of the PL peak energy~see labels in Fig. 1!11

which is a measure also for the compositionx and the in-
2159 ©2000 The American Physical Society
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plane strainexx .10 Several PR contributions can be iden
fied. At 3.425 eV (N0) narrow oscillations are seen th
closely correspond to the excitonic band gap in the G
epilayer. PR in GaN epilayers has been shown to reflect
wurtzite structure and its three associated excitonsA,B, and
C.12 Within the typical strain of epitaxial GaN excitonic leve
splitting of A andB accounts for up to 8 meV and has be
shown to produce a structure very similar to the signal s
here. The higher-lyingC exciton is usually difficult to detec
and not identified in our spectra. Such excitonic featu
have been described by the superposition of third derivat
like structures.13 Within the context of this paper features
this fine detail are presently not of concern and we join
assignN0 to the excitonic band gapEgX some 20 – 30 meV
below the fundamental GaN band gap. Within a broader
ergy range aroundN0, a strong periodic modulation of th
PR signal with several minima and maxima labeledCi ,i
50 . . . 4 isseen in all these samples. Comparing the en
sample set, a trend towards wider oscillation period
higher x appears. ExtremaCi appear independently of th
oscillations inN0 indicating that the resulting PR signal is
superposition of both oscillations. The lowest minimumC0
is accompanied by a weak positive contribution on the low
energy side and marks a clear onset of the oscillations inN1.

IV. WELL WIDTH DEPENDENCE

More conclusive information is obtained from the seco
sample set with variable well width~Fig. 2!. Here very

FIG. 1. Photoreflection spectra of Ga12xInxN/GaN MQW struc-
tures for variablex and fixed well width presented in the sequen
of PL peak energy~labels!. The excitonic barrier-band-gap energ
appears as a narrow oscillation (N0). Superimposed is a wider os
cillation with extrema inCi , i 50 . . . 4. They are assigned to
Franz-Keldysh oscillations in the presence of a large electric fieF
and define a three dimensional critical point inN1. The scaled
electro-optical functionG(h) is given as a fit to one spectrum
~dashed line!. Field values derived from the FKO interpretation a
indicated.
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strong PR oscillationsN0 at the excitonic band gap are iden
tified. The onset pointN1 is also identified as indicated in
Fig. 2. In contrast to the composition set samples, howe
further extrema associated with periodic oscillations can
be identified due to the strong excitonic contributions inN0.
This is tentatively associated to an improved material qua
in the GaN epilayer in this more recently grown well wid
sample set. Here the splitting ofN0 and N1 is found to in-
crease with the well width. On the other hand, excitonic fe
tures are very weak in the control sample@Fig. 3~a!#. Here
several well pronounced oscillations with extrema inCi ap-
pear above an onset inN1 at 3.315 eV. Only a weak pertur
bation is seen by the excitonic band gap inN0 here at 3.40
eV. The variations in the level ofN0 is associated with the
different buffer layer technique employed.

V. DISCUSSION

The oscillations with extrema inCi in the composition
sample set strongly resemble FKO’s near a three dim
sional critical point in the joint DOS. Such oscillations a
pear when carriers free to move in one directionrW are subject
to a large electric field along the same direction. This can
the case in bulk crystals and in two-dimensional structu
for in-plane electric fields~two-dimensional critical point!.
This can also be the case in QW structures for fields al
the growth direction for resonant states above the we
From the oscillation behavior the electric field strengthF can
be determined very directly. In this the effective joint DO
massm along rW is the only material related parameter. Th
critical point corresponds toN1 in our data and appears wit
an apparent localization energyD015E(N0)2E(N1) with
respect to the excitonic barrier band-gap energy. FKO’s
be well described in theory14 by the electro optical functions
F(h) and G(h) whereh is a reduced energy scaleh5(E
2E0)/(\Q), where in turnE0 is the energy of the critica

FIG. 2. Photoreflection in the sample series with variable w
width and similar composition. The levels ofN0 and N1 are indi-
cated. The splitting increases with the well widthLz . FKO’s can
not be identified due to strong excitonic contributions at the G
barrier bandedge.
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point and\Q is the electro optical energy.15,16\Q is related
to the electric fieldF5(\Q)3/2A2m/e\. In this,m50.2m0 is
the reduced effective mass assumed at the electron effe
mass value of GaN due to the lack of further data.17 In Fig. 1,
G(h) is shown together with the spectrum of sampleI. A
clear correspondence in all the features, namely a we
extremum at lowest energy, a dominant minimum inC0, and
subsidiary extrema inC1 ,C2 ,C3, andC4 are clearly recog-
nized.

As proposed by Aspnes,14 the energy separation of th
extrema can be used to determine\Q andF. Within a com-
monly used approximation of cosine functions a plot
4/3p3@E(Ci)2E(C0)#3/2 versus the indices of the extrem
i is shown in Fig. 4. For each sample extrema can be w
approximated by straight lines the slope of which cor
sponds to (\Q)3/2. Note that similarly to the higher extrema
E(C0) is also subject to error bars and therefore not a fix
point of the approximating line. Very large values of th
electric field in the range ofF50.23 MV/cm to 0.90
MV/cm are thus derived and the field increases in the
quences of decreasing PL energy, i.e., increasing comp
tion x and/or strainexx . An alternate interpretation by fitting
G(h) to the PR spectra achieves identical values to wit
65%.

A clear distinction of FKO’s and excitonic features is n
possible in all samples. However, within the control sam
contributions of theN0 transition are rather weak allowing
clear assignment of FKOs~Fig. 3!. Several oscillations ex
trema separateN0 andN1 in energy. Due to the small impac
of the N0 level in the spectrum of this sample FKO’s a
very well resolved leading to an accurate reading of the e
tric field F50.068 MV/cm.

FIG. 3. ~a! Photoreflection of a control sample with wider we
and a similar barrier width. The limited intensity of excitonic sign
at the GaN barrier band gap energy (N0) reveal clear extrema of the
FKO’s. The presence of several extrema betweenN0 andN1 con-
tradicts the assumption of FKO’s to occur within the barrier regi
~b! The interpretation of FKO extrema reveal a good fit of t
model.~For details see text.!
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Two factors are expected to contribute in the observ
electric field.4 First, the alloy discontinuity alongz at the
GaN-GaInN interface may lead to a discontinuity in pola
ization and induced charges of opposite polarity at bot
hetero interfaces of each well, respectively. Secondly,
discontinuity of biaxial strain by pseudomorphic grow
should induce piezoelectricd charges and act in a simila
way. As shown in thin strained films the resulting elect
field is proportional to the alloy composition and the asso
ated strain.7 According to first-principles calculations the p
ezoelectric effect dominates in GaxIn12xN/GaN heterostruc-
tures while the compositional polarization effect shou
dominate in AlyGa12yN/GaN systems.4 We consequently
discuss the present system in terms of the piezoelectric
fect.

.

FIG. 4. Interpretation of the oscillation extrema versus their
dex i in terms of FKO’s within the composition series. Points c
be well approximated by straight lines, the slope of which cor
sponds to the electro-optical energy (\Q)3/2 and therefore toF.
Very large field values increasing alongx and strain up toF
50.90 MV/cm610% are identified.

FIG. 5. Correlation of apparent localization energyD01 and the
electric field as derived from the FKO’s. Within the composition s
a linear correspondenceD015FeLeff with a slope parameterLeff

'Lz is found. This indicates that the critical pointN1 is controlled
by the piezoelectric dipole defined by the structure of the quan
well.
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The occurrence of a three-dimensional critical pointN1
below the barrier band-gap energy may surprise but can
explained by the following considerations. When plotting t
apparent localization energyD01 in the composition sample
versus the determined electric field values~Fig. 5! we ob-
serve a linear correlation according toD015FeLeff , where
Leff531 Å, which is very close to the well widthLz
530 Å. In turn the interpretation of the well width depe
dence reveals a similar picture~Fig. 6!. Forx50.13 the split-
ting can be well approximated byD015FeffeLz with a very
reasonable field strength ofFeff50.39 MV/cm. The value
for x50.11 deviates somewhat to a lower field value. T
complete test for both dependencies onLz andF indeed sug-
gest a relation of the form:

D015FeLz . ~1!

Most notably the splitting is expected to vanish in the lim
of absence of the well. Application of Eq.~1! to the control
sample leads toLeff5125 Å in excellent agreement with th
well width determined in the x-ray rocking analysisLz
5130 Å.

VI. BAND-STRUCTURE MODEL

To resolve the origin of these relations we propose
following bandstructure scheme~Fig. 7!. The polarization
d-chargesP define a piezoelectric dipole across each w
(e r510.4)

P Lz5e0e rFLz . ~2!

This results in an effective multi interface bandoffs
across the GaN-Ga12xInxN-GaN sequence ofuDEcu5uDEvu
5FeLz for each QW in the MQW structure. Within the re
gion of the well bound electronic states are then contro
by pairs of asymmetric barriers. The edges for free c
tinuum states are defined by the respectively lower side
electrons and the higher side for holes within the asymme
structure. Additional bound states in the depth of the w
responsible for the PL should exist but they are not of r
evance in this interpretation. Consequently a thr
dimensional critical point appears and corresponds to a d
transition between both edges of the continuum states (N1).

FIG. 6. Correlation of apparent localization energyD01 and the
well width within one growth process. A straight line through t
origin D015FeffeLz can well describe the samples ofx50.13.
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Due to the asymmetric well those resonant states of h
and electrons extend into opposite half spheres of real sp
It should be noted that although the field is active in the w
the band edges of the continua are not tilted in real spa
We assume that this may support the clear observation o
FKO’s in these structures.

In response to the polarization across the wells a fi
within the barriers of the order ofFLz /Lb is expected to
align the Fermi level at both ends of the structure. The
pearance of several extremaCi ,i>0, betweenN0 and N1,
i.e., in the control sample~Fig. 3!, however, clearly rules ou
an origin of the observed FKO’s within the GaN barrier.

The proposed transition has a large overlapp of the wa
functions for electrons and holes and does not require
tunneling in real space. Its energy is entirely controlled
the barrier band-gap energy, the well width, and the pie
electric, or more generally, the polarization properties of
heterostructure:E(N1)5E(N0)2FeLz . It is independent of
the precise DOS within the well. In our set of samplesE(N1)
can be varied within a large range of 225 meV between 3
and 3.37 eV. The very close correspondence of the elec
field and the apparent localization derived in the composit
and well width dependencies therefore strongly supports
interpretation of the FKO’s. In the limit of large well width
and large field our model forN1 merges with the interpreta
tion of long-lived luminescence in GaN/AlyGa12yN quantum
wells.18

VII. CONCLUSIONS

In summary, we have presented an analysis of photo
flection spectra in a large set of Ga12xInxN/GaN multiple
quantum well structures covering the relevant composit
range of 0,x,0.2 and the relevant well width rang
23 Å<Lz<130 Å. Interpreting Franz-Keldysh oscillation

FIG. 7. Schematic of the band structure in the vicinity of t
strained quantum well. An effective bandoffsetFeLz across the
GaN-Ga12xInxN-GaN multiple interface is defined and controlle
by the piezoelectric field and the well width. Asymmetric barriers
the well give rise to a spatially direct interband transition betwe
continuum states extending in the barriers on opposite sides o
well. Quantized levels within the well are not considered here.
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we directly determine huge electric fields acting within th
wells. We find a direct correspondence with the occurren
of a three-dimensional critical point in the spectra, whi
allows for an accurate determination and correlation of t
crucial properties of well width, electric field, reduced effe
tive mass, composition, and strain. The critical point can
varied in energy over a large range by the structural prop
ties of the hetero interface. We associate the correspond
level to a direct transition between continuum states in
quantum well with asymmetric barriers controlled by an e
fective band offset across the GaN-Ga12xInxN-GaN multiple
interface ofuDEcu5uDEvu5FeLz . This allows for an accu-
rate determination of either parameter out ofm,F,Lz ,x, and
e r . This fact should be most beneficial for the accurate d
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scription of the electronic band structure within polarizatio
heterostructures in general and the quantized levels
Al yGa12x2yInxN heterostructures in particular.
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