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Nonlinear macroscopic polarization in GaN  /Al,Ga;_,N quantum wells
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We present experimental evidence of the nonlinear behavior of the macroscopic polarization in
GaN/ALGa _,N quantum wells. This behavior is revealed by determining the barrier-well
polarization difference as a function of applied hydrostatic pressure. The polarization difference and
corresponding built-in electric field in the wells increase with applied pressure at a much higher rate
than expected from the linear model of polarization. This result, universally observed in the
guantum well structures with different AIN mole fraction in the barriers, is explained by the
nonlinear dependence of the piezoelectric polarization in GaN and AIN on the strain generated by
pressure. ©2002 American Institute of Physic§DOI: 10.1063/1.1483906

Polarization-induced electric fields have a detrimentalpeak. The values of well-barrier polarization difference
effect on the electrical and optical characteristics of GaN{P,,— P},) and corresponding electric field are obtained from
based quantum we{QW) devices with wurtzite lattice con- the PL peak energies of samples with varying well width.
figuration. In short-wavelength laser diodes, these fields inOur results show that the polarization difference increases
crease the threshold current and redshift the emissiowith pressure at a much higher rate than expected from the
wavelengtht In emerging long-wavelength structures utiliz- conventional linear model. This finding, made for the
ing intersubband transitions, the fields increase the intersutsamples of different AIN mole fraction in the barriers, sug-
band relaxation time and reduce the effective barrier héight.gests a nonlinear character of the strain response of the mac-
To utilize the effects of polarization-induced fields in device roscopic polarization in GaN/AGa, _,N QWs.
design in a controllable way, one needs to be able to quantify The GaN/ALGa _,N QW structures used in this work
these fields with good precision. Although significant ad-were grown or(0001) sapphire substrates by plasma-assisted
vances were made in the last few years in the theory ofmolecular-beam epitaxy. Details of the growth procedure
macroscopic polarization in 1lI-V nitridesSsome issues are have been reported previou§lyVe investigated three differ-
still awaiting clarification. One of them is the effect of alloy ent samples with similar geometry and 5.2 nm@d, _,N
composition and strain on the polarization. Original investi-parriers withx=0.2, 0.5, and 0.8, respectively. Each sample
gations assumed that piezoelectric coefficients and spontangas a combination of four GaN QWs 1.8, 2.9, 3.9, and 4.9
ous polarization in nitrides are insensitive to thesenm thick. The QW structures grown on 0.6—Qudn GaN
parameters:* However, Shimadat al® predicted theoreti- |ayers are nominally undoped.
cally that the piezoelectric coefficients of GaN, AIN, and BN The PL was excited by the third harmori@65 nmj of a
strongly depend on volume conserving strain. In agreemendelf-mode-locked Ti:Sapphire laser with 100 fs pulse output.
with this prediction, we demonstrated experimentally that therhe excitation intensity was kept at a low level of2
piezoelectric coefficients in iGa_N/GaN QWs signifi-  \w/cn?. The PL emission was collected in a backscattering
cantly depend on the strafnWe have also suggested that geometry and detected with a 0.25 m spectrometer and
volumetric as well as volume conserving components Otharge coupled device camera. Time-resolved PL measure-
strain affect these coefficients. Recently, Bernardini angnents with a resolution of-0.8 ns were obtained with a fast
Fiorentini investigated theoretically the effects of strain andphotomultiplier tube and digital oscilloscope in accumulation
composition on macroscopic polarization in Ill-V nitrides, mode. To apply pressure to the samples, they were cut and
and showed that in addition to the nonlinearity in the piezoyolished to a 7870x30um?® size, and loaded into a
electric component of polarization, the spontaneous polarizagiamond anvil cell filled with liquid argon as a pressure

tion is aI;o nonlinear With' respect to compoSiﬁO”- transmitting medi& All PL measurements were performed at
In this work, we provide experimental evidence of the 35 k|
nonlinear polarization response of GaN/Bk, ;N quantum Figure 1 shows a typical pressure dependence of the PL

weII; to strain. To modify th(_e strain in the wells and in the peak energies in the sample withABa, N barriers. The
barr_|ers, we apply hydrostatic pressure to the S{imples. T'}?ressure coefficientsl€/dp) of the QW PL peak are much
sftralr! generated by Ppressure increases the built-in electrignalier than that of GaN~39 meV/GPaand they decrease
field in the wells, which is manifested in a pressure depenyit increasing well width from 26.2 meV/GPa in the 1.8 nm
dent Stark shift of the photoluminescendeL) emission | 1o only 2.9 meV/GPa in the 4.9 nm well. A similar trend
is observed in the samples wit+ 0.2 and 0.8 in the barri-
dElectronic mail: vaschen@engr.colostate.edu ers. In the sample with pkG&, )N barriers, the 4.9 nm well
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FIG. 1. Pressure dependence of the QW PL peak energies in the sample with )

AlyGa, N barriers. The lines are linear fits to the experimental points.FIG. 3. Well width dependence of the PL peak energy at 5 GPa. Open

Pressure coefficients are shown above the lines. symbols show the experimental points; solid lines are the fits to the experi-
mental data obtained witl,— P, being the only adjustable parameter;
dashed lines-e;—hh; transitions calculated for the field-free case.

shows a record lowdE/dp=—7.2 meV/GPa.
Figure 2 shows the pressure dependence of PL decayharges, we concentrate on determining the polarization dif-

time in the sample with AlsGa sN barriers. We observe a ferenceP,,— Py, instead, which defines the electric fief,
significant increase of the decay time with applied pressurgp the wells a&

which is more pronounced in the wider 3.9 nm well. The

decay time constant increases from 60 to 140 ns when pres- . _ ~(Pu=Pp)+tp =~ Vo  aNp| — Lp+ly
sure increases from 1 atm to 8 GPa. W (14 Ly /Ly) L,+L, € 2
The experimental results just described are quite similar 1)

to the observationsé made in our previous work ONwheree s the permittivity of the GaN wells and 4Ba; N

In,Ga,_xN/GaN QWs; and provide additional evidence on payriers (assumed to be independent of pressure in this
the nonllngar behavior of the polarization in the IlI-V ni- work), L,,, are the cumulative thicknesses of the well and
trides. As in the case of J6a ,N/GaN QWSs, the small the parrier layersp is the two-dimensional photogenerated

values ofdE/dp and their well width dependence result charge density in the welld/, is the surface barrier potential
from an increase of the built-in electric field with pressure.yetermined as in Ref. SND%lO” cm3 is the background

The decay time increase is due to the increased spatial charagpmg concentration, ardlis the distance from the barrier—

separation in the wells by the electric field leading to thepffer interface to the well where the field is calculated. To

reduction in the electron—hole wave function overlap. _ find P,,— P, as a function of pressure the experimentally
In the following, we provide an analysis of the experi- measured PL peak energy variation with well width was fit-

mental data aimed at evaluating the magnitude of the built-ifeq \yith the calculated dependence of gye-hh; transition
electric field at different pressures. Since the field magnitude

depends on the sample geometry and distribution of free Ee,—nh,=Ecant Ee, T Enn, ~Eex: 2

whereEg,y is the GaN band gap energye, and Enn, are
the confinement energies, akd, is the exciton binding en-

1804 o 2.9 nm well .

1 0 39nmwel e ergy. The GaN and AGa, _,N band gap energies at each
140+ LA pressure were found using the deformation potentials of GaN
190 Rt and AIN given in Ref. 10. The electron and hole confinement

2 ] ’D" energies in the presence I6f, were found using the method

£ 1004 .o’ described in Ref. 11. The binding energies of the confined

i~ 804 o ﬂ/':" excitons subjected to an electric field were calculated using

§ ] D_,D»" the approach developed by Leavitt and LiffeThe only

S 604 adjustable parameter used in the fitRg—P,. Figure 3

. 40 shows the fit to the measured PL peak energies in the differ-

] on- ent samples at a pressure of 5 GPa. The good agreement

20 - ou0 __o_o__ﬂ---o" between the fit and the experiment highlights the importance
o 1o-0-©°- of the built-in electric field in shaping the well width depen-

o 2 4 8 8 dence of the ground-state energy.

Pressure, GPa Using the procedure described herein, we determined the

FIG. 2. PL decay time as a function of pressure in the sample withpOk:lrization diﬁerenC@W_ Py and resulting electric field in

AlyGa N barriers. The measurements were made at excitation density ofhe 2.9 nm wells for all samples. The results of this analysis

~2 Wicnt. The dashed lines serve as guides for the eye. are presented in Fig. 4. In every sampk,— P, signifi-
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0.022 tally determined. The dashed-dotted lines are the results of
. 0,021 (a) P K calculations where only the volume-conserving strain depen-
s 1 - dence of the GaN and AIN piezoelectric coefficients is taken
= %% 11§ into accounf This model shows a better match with the
o3 0018 E experimental data than the conventional model. This is in
3 oote] [0 agreement with the recently reported work by Peeliral,*®
& . L(L:, where the pressure dependence of PL in Gap{f&a, g
g 00177 %% QWs was found to be adequately described by the volume-
§ 00161 _08_”§ conserving strain dependence of the piezoelectric coeffi-
8 Jo1s ' § cients. And finally, the dashed line in Fig. 4 shows the result
§ vors "', Toask Fo7 of calculations where the nonlinear behavior of both the

] Y op spontaneous and piezoelectric polarizations were taken into
0.018 +————T——1 . account using the results of Bernardini and Fiorerftiie

0 2 4 8 8 10 considered here only the changes in piezoelectric polariza-
tion due to hydrostatic compression of tfiéeal) crystal and

|-3.6
due to the increase of the internal parameterwith
e 3.4 pressuré? The spontaneous polarization bowing was in-
2 £ cluded atp=0.” Although this is only an approximation of
‘.: %23 the theory developed in Ref. 7, this model also predicts the
RS 503 slope of the pressure dependenceRyf— P, significantly
F3.0 o .
g s larger than that of the linear model.
2 .55 In summary, we have presented conclusive experimental
- [0} . . . . . .
a w evidence of nonlinear macroscopic polarization in the
§ 2.6 = GaN/ALGa _ N QWs with different AIN mole fraction in
A > . . . .
& N @ the barriers. We show that the linear model of polarization
[+ 1.5 | . . ..
o ad T-35k [24 does not describe the experimentally observed variation of
0.040
0.038 x=05 oo the polarization and built-in electric field with applied hydro-
"o 2 4 5 8 10 static pressure. To provide an accurate description of the
Pressure, GPa macroscopic polarization in GaN/&ba, _,N QWs, the non-
-6-2 linear behavior of the spontaneous and piezoelectric compo-
e 760 nents of polarization should be considered.
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