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Electric-field strength, polarization dipole, and multi-interface band offset
in piezoelectric Ga _,In,N/GaN guantum-well structures
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The piezoelectric properties of GaIn,N/GaN multiple quantum well structures are analyzed in two sets of
samples covering the composition range ef0<0.2 and well widths 23 A<L,<130 A. 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.

. INTRODUCTION L,=30-A Ga_,In,N QW’s embedded in_,=60-A GaN
barriers were grown witkx in the range of 82x<<0.2. From
The emergence of high-quality heterostructiife®f  a dynamical x-ray rocking analysis the composition of three
wurtzite group-II nitride semiconductors reveals new meanssamples was determined to ke 0.12(sampleE), 0.15 (),
of electronic band-structure control. The uniaxial nature ofand 0.18 H).! A second set of four Ga ,In,N/GaN MQW
this compound system together with partly ionic bondingsamples with variable well width was grown using a similar
conditions give rise to large polarization and piezoelectricgrowth process and low-temperature deposited GaN buffer
effects** in thin-film heterostructures typically grown along |ayers. On top of a 2¢m GaN epilayern={9,6,5,3 se-
the uniquec-axis z. From an observation of the quantum quences of ,={23,34,47,7p A Ga,_,In,N QW’s of com-
confined Stark effect in the bias voltage dependence of thgosition x={0.13,0.13,0.13,0.41 were embedded inL,
luminescence in Ga,InyN/GaN quantum well§QW's) we =2 , GaN barriers, respectively. A further control structure
recently concluded the presence of very large electric fieldgf 4 wells with L,=L,=130 A, x=0.06 was grown in a
within the pseudomorphically strained well layérn thin  process similar to the latter. For all samples the well and
strained Ga In,N/GaN films we moreover identified parrier regions are undoped at residual donor concentrations
Franz-Keldysh oscillatiof{FKO’s) and directly determined of about 107 cm 3,
field strengths up to 1.1 MV/cmxE0.18)7 FKO's have Excellent compositional homogeneity of the material on
also been identified in AGa;_,N/GaN layers’ These large the length scale £r<50 um was assessed by spatially re-
field values should also reflect in the electronic level schemegglyved micro photoluminescend®L) at excitation power
of the QW heterostructures. Here, we report the observatiogensities of 1 mWm?2.” The full width of half maximum
of a three dimensional critical point in the joint density of yariation of the peak energy was typicay20 meV. PR
stateSDOS) which is controlled in energy over a wide range yvas measured using a Xe white light source and above bar-
of 225 meV by means of piezoelectric heterostructurerer band gap excitation by an 325 nm, 40 mW HeCd laser
design’ We employ photoreflectan¢®R) spectroscopy on a  for photomodulation. A mechanical chopper at 1.4 kHz and
large set of Ga,In,N multiple quantum wellMQW) struc-  |ock-in technique was employed for the detection. To form
tures with variable CompOSitiON and variable well width the PR Signa| the ac Component was normalized to the dc
L,. We derive field values in the QW’s and determine thepart. Due to the excitation geometry thickness interference
multi interface bandoffsets and the associated piezoelectriginges did not occur in the ac part nor in the dc Fail

dipoles. experiments were performed at room temperature.

Il. EXPERIMENT

A set of nine pseudomorphic Galn,N/GaN MQW lll. COMPOSITION DEPENDENCE

structuresA,B, . ..l with variable composition was grown PR spectra over a selected energy range of the full com-
by metal organic vapor phase epitaxy @001 sapphire position set are presented in Fig. 1. Spectra are arranged in
using the technique of low-temperature deposited AIN buffetthe sequence of the PL peak enefgge labels in Fig. )i
layers>1°On top of a 2xm GaN epilayer five sequences of which is a measure also for the compositiormand the in-
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FIG. 1. Photoreflection spectra of GgIn,N/GaN MQW struc-  nhot be identified due to strong excitonic contributions at the GaN
tures for variablex and fixed well width presented in the sequence barrier bandedge.
of PL peak energylabelg. The excitonic barrier-band-gap energy
appears as a narrow oscillatioNq). Superimposed is a wider os- strong PR oscillationsl, at the excitonic band gap are iden-
cillation with extrema inC;, i=0...4. They are assigned t0 tified. The onset poinN; is also identified as indicated in
Franz-Keldysh oscillations in the presence of a large electric field Fig. 2. In contrast to the composition set samples, however
and define a three dimensional critical pointhy. The scaled ¢, o1 extrema associated with periodic oscillations can not
electro-opncal .funCt'OnG(”) IS given as a fit {0 one spectrum o ;4antified due to the strong excitonic contributionNin
_(da_shed ling Field values derived from the FKO interpretation are This is tentatively associated to an improved material quality
indicated. in the GaN epilayer in this more recently grown well width
. N _ . sample set. Here the splitting df, and N, is found to in-
plane straine,,.* Several PR contributions can be identi- (e ace with the well width. On the other hand, excitonic fea-
fied. At 3.425 eV () narrow osqllatlons are seen that ures are very weak in the control sampig. 3a)]. Here
clo_sely corre;pond to t_he excitonic band gap in the Gal\Leveral well pronounced oscillations with extrematinap-
epilayer. PR in GaN epilayers has been shown to reflect thSear above an onset M, at 3.315 eV. Only a weak pertur-

wurtzite structure and its three associated exci#®, and bation i -

12 nrg s ; . oo o ation is seen by the excitonic band gapNp here at 3.40
c. \_N|th|n the typical strain of epitaxial GaN excitonic level eV. The variations in the level df, is associated with the
splitting of A andB accounts for up to 8 meV and has beendifferent buffer layer technique employed

d .

shown to produce a structure very similar to the signal see
here. The higher-lyin@ exciton is usually difficult to detect
and not identified in our spectra. Such excitonic features V. DISCUSSION
have been described by the superposition of third derivative-
like structures® Within the context of this paper features of ~ The oscillations with extrema il€; in the composition
this fine detail are presently not of concern and we jointlysample set strongly resemble FKO's near a three dimen-
assignN, to the excitonic band galyx some 20 — 30 meV sional critical point in the joint DOS. Such oscillations ap-
below the fundamental GaN band gap. Within a broader enpear when carriers free to move in one directicare subject
ergy range aroundl,, a strong periodic modulation of the to a large electric field along the same direction. This can be
PR signal with several minima and maxima labeled,i the case in bulk crystals and in two-dimensional structures
=0...4 isseen in all these samples. Comparing the entirdor in-plane electric fieldgtwo-dimensional critical point
sample set, a trend towards wider oscillation period forThis can also be the case in QW structures for fields along
higher x appears. Extrem&; appear independently of the the growth direction for resonant states above the wells.
oscillations inN, indicating that the resulting PR signal is a From the oscillation behavior the electric field strengtban
superposition of both oscillations. The lowest minim@y  be determined very directly. In this the effective joint DOS
is accompanied by a weak positive contribution on the loweinassy alongr is the only material related parameter. The
energy side and marks a clear onset of the oscillatiomé;in  critical point corresponds thi; in our data and appears with
an apparent localization energyy;=E(Ng) —E(N4) with
respect to the excitonic barrier band-gap energy. FKO’s can
be well described in theot{ by the electro optical functions
More conclusive information is obtained from the secondF(#) and G(#) where 7 is a reduced energy scalg=(E
sample set with variable well widtliFig. 2). Here very —Eg)/(A0®), where in turng, is the energy of the critical

IV. WELL WIDTH DEPENDENCE
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dexi in terms of FKQO’s within the composition series. Points can

FIG. 3. (a) Photoreflection of a control sample with wider well P& well approximated by straight lines, the slope of which corre-
and a similar barrier width. The limited intensity of excitonic signal SPONds to the electro-optical energy®)? and therefore tcF.
at the GaN barrier band gap enerdy,] reveal clear extrema of the Very large field values increasing alongand strain up toF
FKO's. The presence of several extrema betwhigrandN; con-  =0.90 MV/cm*10% are identified.
tradicts the assumption of FKO’s to occur within the barrier region.
(b) The interpretation of FKO extrema reveal a good fit of the
model. (For details see text.

Two factors are expected to contribute in the observed
electric field? First, the alloy discontinuity along at the
GaN-GalnN interface may lead to a discontinuity in polar-
ization and induces charges of opposite polarity at both
hetero interfaces of each well, respectively. Secondly, the
\g'scontinuity of biaxial strain by pseudomorphic growth
should induce piezoelectrié charges and act in a similar
way. As shown in thin strained films the resulting electric
éileld is proportional to the alloy composition and the associ-
ated strairl. According to first-principles calculations the pi-
ezoelectric effect dominates in @a; _,N/GaN heterostruc-
tures while the compositional polarization effect should
dominate in AjGa_,N/GaN systemé. We consequently
discuss the present system in terms of the piezoelectric ef-
fect.

point and# ® is the electro optical enerdy:'°#4 0 is related
to the electric field- = (20)%2/2u/efi. In this, u=0.2m, is
the reduced effective mass assumed at the electron effecti
mass value of GaN due to the lack of further ddttn Fig. 1,
G(#n) is shown together with the spectrum of sampleA
clear correspondence in all the features, namely a weak
extremum at lowest energy, a dominant minimunCig and
subsidiary extrema i©,,C,,C5, andC, are clearly recog-
nized.

As proposed by Aspné$,the energy separation of the
extrema can be used to determin® andF. Within a com-
monly used approximation of cosine functions a plot of

4137 X [E(C;) — E(Cyp)]%? versus the indices of the extrema 0.3 . . .

i is shown in Fig. 4. For each sample extrema can be well < Ly=30A m
approximated by straight lines the slope of which corre- 2 L;=130A0 X=0'18/'i'
sponds to £0®)%2 Note that similarly to the higher extrema, 3 /
E(C,) is also subject to error bars and therefore not a fixed EO'Z' ﬁx:&ﬁ 1
point of the approximating line. Very large values of the w % x=0.12
electric field in the range ofF=0.23 MV/cm to 0.90 o , "Ii'/

MV/cm are thus derived and the field increases in the se- E 0.1 Lx=0. ]
guences of decreasing PL energy, i.e., increasing composi- (%

tion x and/or straire,, . An alternate interpretation by fitting = el A

G(#n) to the PR spectra achieves identical values to within '

+5%.

0.0 L L L

A clear distinction of FKO’s and excitonic features is not < O'E? 0‘.25F. OI'SOM\C/”S 10
possible in all samples. However, within the control sample ectric Field (MV/cm)
contributions of theN, transition are rather weak allowinga g, 5. Correlation of apparent localization enetlyy; and the
clear assignment of FKOgig. 3). Several oscillations ex- gjectric field as derived from the FKO's. Within the composition set
trema separatily, andN; in energy. Due to the small impact 3 linear correspondenciy,=FeLq; with a slope parametel o
of the Ny level in the spectrum of this sample FKO’s are ~, is found. This indicates that the critical poiNy is controlled
very well resolved leading to an accurate reading of the elechy the piezoelectric dipole defined by the structure of the quantum
tric field F=0.068 MV/cm. well.
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origin Ay;=Fqel, can well describe the samplesf0.13. |_LZ_I

. . . . FIG. 7. Schematic of the band structure in the vicinity of the
The occurrence of a three-dimensional critical pdifit strained quantum well. An effective bandoffdeeL, across the

beIOV\{the barrier bandfgap engrgy ”.‘ay surprise bUt. can b%aN-Ga_XInXN-GaN multiple interface is defined and controlled
explained by the fpllowmg cons_lderatlons. Wh(_an plotting theby the piezoelectric field and the well width. Asymmetric barriers in
apparent Iocallzatl(_)n energy()l_ n _the ComeSItlon samples the well give rise to a spatially direct interband transition between
versus the determined electric field valugsg. 5 we ob- continuum states extending in the barriers on opposite sides of the

serve a linear correlation according 4g,,=Feles, Where e Quantized levels within the well are not considered here.
Le#=31 A, which is very close to the well width.,

=30 A. In turn the interpretation of the well width depen-

L ' . - Due to the asymmetric well those resonant states of holes
dence reveals a similar pictufgig. 6). Forx=0.13 the split- y

. " ) and electrons extend into opposite half spheres of real space.
ting can be well approximated byo,=FeeL, with @ Very ¢ 5nq1d be noted that although the field is active in the well
reasonable field strength &fer—=0.39 MV/cm. The value ho hang edges of the continua are not tilted in real space.
for x=0.11 deviates somewhat to a lower field value. This\ye assume that this may support the clear observation of the
complete test for both dependencieslgrandF indeed sug-  Fxo's in these structures.
gest a relation of the form: In response to the polarization across the wells a field

A=Fel.. 1) within the barriers of the order dfL,/L, is expected to

o1 z align the Fermi level at both ends of the structure. The ap-

Most notably the splitting is expected to vanish in the limit pearance of several extren@ ,i=0, betweenN, and N,
of absence of the well. Application of El) to the control i.e., in the control sampléFig. 3), however, clearly rules out
sample leads tb=125 A in excellent agreement with the an origin of the observed FKO'’s within the GaN barrier.

well width determined in the x-ray rocking analysis, The proposed transition has a large overlapp of the wave-
=130 A. functions for electrons and holes and does not require any
tunneling in real space. Its energy is entirely controlled by

VI. BAND-STRUCTURE MODEL the barrier band-gap energy, the well width, and the piezo-

. . electric, or more generally, the polarization properties of the
To resolve the origin of these relations we propose theheterostructureE(Nl)zE(NO)—FeLZ. It is independent of

following bands_,tructurg schem(eF_ig. _7). The polarization 4 precise DOS within the well. In our set of samp&\, )
o-chargesP define a piezoelectric dipole across each wellogn pe varied within a large range of 225 meV between 3.15
(e,=10.4) and 3.37 eV. The very close correspondence of the electric
P L= FL field and the apparent localization derived in the composition
z— €0€FLz. 2 . -
and well width dependencies therefore strongly supports our
This results in an effective multi interface bandoffsetinterpretation of the FKO's. In the limit of large well width
across the GaN-Ga,In,N-GaN sequence diAE|=|AE,| a_md large f|e_ld our m_odel faN 4 merges with the interpreta-
=Fel, for each QW in the MQW structure. Within the re- ton OISIong-hved luminescence in GaN/#ba N quantum
gion of the well bound electronic states are then controlledVells
by pairs of asymmetric barriers. The edges for free con-
tinuum states are dpfined_by the respec_tiv_ely lower side fc_)r VII. CONCLUSIONS
electrons and the higher side for holes within the asymmetric
structure. Additional bound states in the depth of the well In summary, we have presented an analysis of photore-
responsible for the PL should exist but they are not of relflection spectra in a large set of Ggln,N/GaN multiple
evance in this interpretation. Consequently a threequantum well structures covering the relevant composition
dimensional critical point appears and corresponds to a direcinge of 0<x<0.2 and the relevant well width range
transition between both edges of the continuum stafg3.( 23 A<L,<130 A. Interpreting Franz-Keldysh oscillations
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we directly determine huge electric fields acting within thescription of the electronic band structure within polarization
wells. We find a direct correspondence with the occurrencéeterostructures in general and the quantized levels in
of a three-dimensional critical point in the spectra, whichAl,Ga, _,_,InyN heterostructures in particular.

allows for an accurate determination and correlation of the
crucial properties of well width, electric field, reduced effec-
tive mass, composition, and strain. The critical point can be
varied in energy over a large range by the structural proper-
ties of the hetero interface. We associate the corresponding This work was partly supported by the JSPS Research for
level to a direct transition between continuum states in thehe Future Program in the Area of Atomic Scale Surface and
guantum well with asymmetric barriers controlled by an ef-Interface Dynamics under the project of Dynamic Process
fective band offset across the GaN,Gan,N-GaN multiple  and Control of the Buffer Layer at the Interface in a Highly-
interface of|AE;|=|AE,|=FeL,. This allows for an accu- Mismatched System and the Ministry of Education, Science,
rate determination of either parameter outugf,L,,x, and  Sports and Culture of Japai€ontract No. 11480131, and
€, . This fact should be most beneficial for the accurate deHigh-Tech Research Center Project
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