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In this contribution, we focus on the consequences of the piezoelectric field, which is an inherent
consequence of the commonly used wurtzite phase of GaN, on the optical properties of strained
GaN-based quantum well structures. We demonstrate that both in GaN/AlGaN and in GalnN/GaN
single quantum well structures, the piezoelectric field leads to a Stark-shift of the fundamental
optical transitions, which can lead to luminescence emission far below the bulk bandgap. Due to the
spatial separation of the electron and hole wavefunctions in such structures, the oscillator strength
of these transitions may become extremely small, many orders of magnitude lower than in the field-
free case. From specially designed structures, we can even determine the sign of the piezoelectric
field and relate it to the polarity of the layers. Under high-excitation conditions, as found in a laser
diode, the piezoelectric field is almost completely screened by the injected carriers. As a
consequence, the stimulated emission is significantly blue-shifted compared to the
photoluminescence, which has sometimes been confused with localization effects.

1 Introduction device characteristics and to new optimization strate-

GalnN/GaN/AlGaN quantum well structures are now atJ'€s-
the heart of GaN-based LED's and lasers, which are In this paper, we discuss the consequences of piezo-
commercially available or soon to be commercializedelectric fields on the optical properties of GaN-based
[1] [2]. Nevertheless, the fundamental mechanisms oheterostructures and quantum wells. We demonstrate
spontaneous and stimulated light emission are still sughat the piezoelectric fields lead to a strong red-shift of
ject to quite some debate. In particular, localizatiorthe luminescence with respect to the bulk bandgap and
effects due to composition fluctuations and even quarthe absorption edge, and to a dramatically reduced oscil-
tum-dot-like structures due to phase separation ifator strength. Using specially designed test structures
GalnN quantum wells have been invoked to explairive determine the sign of the field and discuss its relation
some of the observations [3] [4]. with the crystal orientation. We compare the photolumi-
Even more recently, it has been pointed out thafiescence with the stimulated emission and highlight the
many of the unusual optical properties of GaN-basegffects of screening of the piezoelectric field.
heterostructures can be consistently explained by con-
sidering the piezoelectric properties of the Ill-nitrides
[5] [6]. In fact, the importance of piezoelectric fields in
[11-V semiconductors has first been recognized for cubicNon-centrosymmetric crystals, when subject to external
zincblende heterostructures grown on a (111) plane [7ktress, may generate so-called piezoelectric fields due to
The characteristics of such structures and some novel stress-induced polarization. The electric polarization
device applications have been discussed in detail [8] [Held is given by
[10]. Oln the othler h_and,hAIN I-r:a!s Iolng_ been kno_wln Ia;s a Pzt 0 (EXyZ; KEXRyyz.yz.2xy) o
stron lezoelectric, thou insulating material. For . . L . .
the sge);nirc):onducting III-nitrigdes, piezoglectric effects _where I'D_'S the electrlc_polarlzatlon field dis the
have first been discussed in the context of heterostru/€ZO€lectric tensor, argj is thestresstensor. We note
ture field effect transistors [11] [12]. In such devicesthat the polarization may also be related to gtrain
the piezoelectric fields lead to a significant change ofensore, by another piezoelectric tensor denoted Ry e

Piezoelectric fields
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In the wurtzite structure typically occuring for the Measurements of the luminescence decay time ( Fig-
llI-nitrides, biaxial strain in the (0001) plane results in aure 2) reveal that both the single line in thin QW's as
polarization field, which is most conveniently expressedvell as the higher energy line in thicker layers have
by [13] decay times of about 300 ps. The lower energy line in
9,2 the thicker layers becomes extremely slow for the 10 nm
P.=2dy (en1 + e = —2 ey, @  sample, with a decay time ofi&. Time-resolved spec-

] ; i i
wher is the piezoelectri nstant are the el tra of the lower energy line show that there is a red-shift
] ere g, is the pie O_e ec C_ constan, ag € €3S of the emission peak of 27 meV for long delay times
tic constants, andy, is the in-plane strain. Such a ey pulsed excitation.
coherent in-plane strain is realized in case of pseudo- A very similar behavior was observed for several
morphically grown heterostructures with dissimilar lat-sets of GalnN/GaN QW's, with the decay time of the

tice constants. The sign of the polarization of coursgower energy line gradually increasing into the micro-
depends on whether the strain is compressive or tensilgecond range with increasing well thickness.

4.2 Discussion and model
3 Experimental Basically, there are three possible explanations for the

Our samples were grown on 0001-oriented sapphirerigin of the low-energy emission line found both in
substrates using low pressure metal-organic vapor pha§&aN/AlGaN and in GalnN/GaN structures.

epitaxy (LP-MOVPE) and employing an AIN nucleation 1. In GalnN/GaN MQW structures a red-shifting emis-
layer. The GalnN layers were grown at temperatures &on has already been attributed to localized excitons or
or below 80C°C with N, as a carrier gas. GalnN/GaN, quantum dots.

GaN/AlIGaN, and GaN/GaInN/AlGaN double hetero-2. The extremely slow luminescence decay could be an
structures (DH) as well as single quantum wellsindication for spatially indirect donor-acceptor-like
(SQW's) of different thicknesses were investigated. Théransitions.

GalnN/GaN structures consisted of a 500 nm ton2 3. Piezoelectric fields due to mismatch-induced strain
thick GaN buffer, a GalnN quantum well with varying could lead to a Stark-shift of the emission and to a
In content, and a 50 nm GaN cap layer, whereas theirong reduction of the oscillator strength.

GaN/AlGaN structures had a 500 nm AlGail% % Donor-acceptor-like impurity-related transitions can be
Al) buffer, a GaN well, and a 50 nm AlGaN cap layer. excluded since it is hard to see how such transitions
Time-resolved spectroscopy with resonant excitatiorwould shift to lower energy with increasing well width.
of the quantum wells was performed using a setupocalization or quantum dots can not be the origin of
already described elsewhere [14]. The stimulated emighis behavior for two reasons: i) for the GaN/AlGaN
sion of the samples under high excitation conditions wasamples such transitions could not be below the bulk
studied utilizing the stripe excitaton method asGaN bandgap; ii) the extremely slow decay in thick lay-
described earlier [15]. ers would require a localization to a radius of less than 1

Angstrom, which is clearly not feasible.

Let us now explore the case of piezoelectric fields in
some detail. We have to recall that our sample design is
such that the active quantum well is strained whereas the
4.1 Basic observations barriers are unstrained both for the GalnN/GaN and for
First, we have studied GaN/AlGaN and GalnN/GaN sinthe GaN/AlGaN structures. A qualitative picture with
gle quantum wells (SQW:'s) with varying well thick- the energies and wavefunctions involved is shown in
ness. For the GaN/AIGaN quantum wells, for exampleFigure 3. Due to the piezoelectric field, the energy levels
time-integrated low-temperature luminescence spectraf the quantum wells are red-shifted with increasing
exhibited a fairly complex behavior. Besides the AIGaNwell width. At the same time, the electron and the hole
emission at 3.75 eV, we observe two emission linegvavefunction are more and more separated leading to a
from thick quantum wells but only a single line from dramatic reduction in oscillator strength. We have per-
thin QW's. As shown in Figure 1, thin quantum wells formed a quantitative numerical calculation of the quan-
(1 nm and 2 nm) show a clear blue-shift of their emistization energies, wavefunctions, and matrix elements
sion due to size quantization. In thicker layers (5 nm angpr such a situation.

10 nm) the higher energy emission line is about 70 meV A comparison of the calculated energies and oscilla-
above the GaN bandgap, whereas the lower energy liter strengths with the experimental data is shown in
shifts to energies well below the GaN bandgap withFigure 4 for GaN/AIGaN QW's. For this figure, the

increasing thickness. energetic positions were taken from spectra at the long-

4 Oscillator strength in GaN/AIGaN and
GalnN/GaN quantum wells
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est possible delay time after excitation, i.e. with screenthe bottom AlGaN barrier, whereas it is smaller for the
ing of the field being as small as possible. Thesample with the top AlGaN barrier. Interestingly, the lat-
calculated curves include only a single adjustableger result fits well with our calculation for the well width
parameter (the band discontinuities were taken from thdependence of the decay time.

literature [16]), which is the magnitude of the piezo-

electric field. In the present case, a field of 350 kKV/cny 5 ~arrier confinement and sign of the field

consistently explains both the red-shift and the dramati%e origin of the different behavior of the asymmetric
increase of the decay time with increasing well width. . . . . . .
samples is explained in Figure 9 and Figure 10. Since

Moreover, Figure 4 also explains the origin of the . o
. L2 . o the piezoelectric field introduces a natural asymmetry
higher energy line in the thick layers: It is due to spa-

. . o ) 4 into the structures, it makes a big difference whether the
tially direct transitions in the strained GaN well layer. N
. ) AfIGaN barrier is below or on top of the quantum well,
The dashed-dotted line was calculated on the basis : o : g
epending on the direction of the piezoelectric field. In

i 0,
thg kpown strain of about O.'4 % of the GaN Iaygr aNGhe latter case ( Figure 10), if the field points towards the
coincides almost perfectly with the measured position o b | | fined by the |
the corresponding luminescence peaks substrate, electrons are .strongy confined by the large
’ alnN/AlIGaN heterobarrier towards the top surface. In

Figure 5 summarizes our results for a series o . .
; . he former case ( Figure 9), electrons are confined only
GalnN/GaN single quantum wells. In this case, the anal-

ysis of the emission peaks yields a piezoelectric field o?y the small GalnlN/GaN heterobarrier. Since the oscil-

S 300 Vi From 1y ifacton tata we et 5100 8 ety fated o e vy of e
mate the strain to be of the order 0.3 %. Unlike the case ’

of the GaN/AlGaN structures, the calculation of theencﬁ bgtweeln th? a;s;;mmetrlc samples is clearly related
decay times does not fit the experimental value for th(taot € piezoelectric field.
Moreover, if the piezoelectric field had the opposite

largest well width. As we will show later on, this is sign, the difference between the samples should be the
related to the small conduction band discontinuity in the an, b

GalnN/GaN system, which leads to a rather weak elecgthe.r way round, €. the sample with .the top AlGaN
. . arrier should exhibit are smaller oscillator strength.
tron confinement in such quantum wells.

Therefore, our results allow for an unambiguous deter-
mination of the sign of the piezoelectric field, which is
5 Carrier confinement and sign of the shown to point towards the substrate.

piezoelectric field 5.3 Polarity of the layers and piezoelectric

coefficient

5.1 Results for asymmetric test samples It is interesting to discuss this result in the context of the
In order to study the effects of carrier confinement orPolarity of the nitride layers. From hemispherically
piezoelectric field effects in nitride quantum wells in Scanned x-ray photoelectron diffraction (HSXPD) and
more detail, we have designed and fabricated a set 8ther data [17], it seems to be well established that good
samples with asymmetric barriers, as shown in Figurd/OVPE samples with smooth surfaces, grown on c-
6a. Besides a control sample with a 7 nm GaInN quarPlane sapphire, are Ga-face, i.e. have a single Ga-N
tum well sandwiched between GaN barriers, these sanRond pointing towards the surface. On the other hand,
ples had a 20 nm AlGaN barrier either "below* or theoretical calculations by Bernardétial. [18] predict
"above* the quantum well. a negative sign of the piezoelectric coefficiegt. dn

The results of time-resolved photoluminescenceact, our result is consistent with this prediction, assum-
measurements are shown in Figure 7. Very clearly, thi@g that our samples are Ga-face.
luminescence decay is much faster (by almost 3 orders The piezoelectric coefficient derived from our data
of magnitude) for the sample with the AlGaN barrier onaccording to Equation (2) and using the elastic con-
top of the quantum well than for the one with the AlGaNstants from Ref. [19] isgd =-0.9x10° cm/V, both for

barrier below the quantum well. In other words, thehe GaN/AIGaN and for the GalnN/GaN structures.
oscillator strength is much larger for the former samplesince the In content in the GalnN/GaN samples dis-

than for the latter one. This indicates that carriers arg,ssed here was low. we have used the GaN elastic con-
much better confined in the first sample. stants for the GalnN as well.

These results are compared to those obtained for
samples with simple GaN barriers in Figure 8. One caf High excitation, optical gain, and
see that the result for the control sample is in line wittFcreening effects
the data for the thickness series discussed earlier. On thinder strong pumping conditions, such as in a semicon-
other hand, the decay time is larger for the sample witductor laser, the quantum wells become populated with
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charge carriers, which screen the piezoelectric field. Moreover, there are additional issues, which can not
This becomes evident, for example, when looking abe easily explained by localization effects:
time-resolved photoluminescence spectra of quanturh. The characteristic well width dependence of the
wells. As shown in Figure 11 for the sample with anpeak positions and the decay times can not be
AlGaN barrier below the quantum well, the lumines-accounted for by localization effects.
cence peak shifts to lower energy by about 230 me\2. Localization effects are unable to explain the
from immediately after the excitation pulse towardsextremely long decay times, well in the microsecond
long delay times. This is due to the fact that the carrierange, for thick quantum wells.
population created by the excitation pulse decays, thu3. The "negative” quantization energies for thick quan-
reducing the screening charge and increasing the effetam wells (i.e. peak energies below the bulk bandgap),
tive field towards its equilibrium value. which are obvious at least for GaN/AlGaN quantum
Under even higher excitation, as necessary tavells are not possible without piezoelectric fields.
achieve inversion and optical gain the field becomesOf course, there may still be localization of carriers due
almost completely screened. In Figure 12 we compart® well width fluctuations, composition fluctuations, or
the low-temperature photoluminescence spectra (pumgven phase separation of GaN and InN. The dominant

power = W/cn?) and room-temperature stimulated effect, however, for the optical and electrical properties

o > of nitride heterostructures appears to the piezoelectric
emission spectra (pump powerMWicn) of GalnN/ {ields rather than any localization effect.

GaN quantum wells of different thicknesses, but almos
identical In mole fraction. We note that there is a large8 Conclusion

energy shift of 150 meV and 290 meV, respectively,n conclusion, we have shown that the optical properties
between the low-excitation photoluminescence peak angs gainN/GaN and GaN/AIGaN quantum wells are
the high-excitation stimulated emission peak. The sizgominated by effects of the piezoelectric field due to the
of this energy shift strongly depends on well width, gastic strain built into these layers. Both the oscillator
which confirms its origin as being due to the piezoelecsirength and the effective bandgap exhibit a characteris-
tric field. Moreover, the position of the stimulated emis-tic well-width dependence. Compared to the piezoelec-
sion peak does no longer depend significantly on pumgic effects, localization of carriers at composition
power, which indicates that the field is almost com-jyctuations plays only a minor role. By introducing an
pletely screened u_nd_er these c_onditions. The position jGaN barrier either below or on top of a GalnN/GaN
the stimulated emission peak is therefore a good meguantum well, the carrier confinement of the well can be
sure of the real bandgap energy of the GaInN quantumyanipulated. This allows us to determine the direction
well, without any Stark-shift. of the piezoelectric field to be towards the substrate in
case of compressive in-plane strain. Under strong pump-
ing conditions, such as in a laser diode, the piezoelectric
field becomes almost completely screened.
Piezoelectric fields are now emerging as a dominant fac-

tor for the optical and electrical properties of nitride het-

erostructures. In fact, most of the observationd?EFERENCES
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.f-g Figure 3. Schematic picture of the energies and wavefunctions
& . of electrons and holes in a strained quantum well with a
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Figure 1. Time-integrated photoluminescence spectra of a
series of GaN/AlGaN quantum wells. The dashed line
indicates the position of the GaN bandgap.
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Figure 5. Comparison of the measured energy positions (dots)
and decay times (squares) of the low-energy lines in GalnN/
GaN SQW's with a calculation based on piezoelectric fields.
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Figure 12. Photoluminescence and stimulated emission spectra
of GalnN/GaN quantum wells with 3 nm and 6 nm well
thickness.
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