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Influence of pressure on the optical properties of InGa; _,N epilayers and quantum structures
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The influence of hydrostatic pressure on the emission and absorption spectra measured for various types of
InGaN structuregepilayers, quantum wells, and quantum gassstudied. While the known pressure coeffi-
cients of the GaN and InN band gaps are about 40 and 25 meV/GPa, respectively, the observed pressure-
induced shifts in light emission energy in the InGaN alloys differ significantly from concentration-interpolated
values. With increasing In concentration, and thus decreasing emission energy, the observed pressure coeffi-
cients become very small, reaching zero for emission energlesV (roughly the value of the InN band gap
On the other hand, the pressure coefficient derived from absorption experiments exhibit a much smaller
decrease with decreasing energy when referred to the same scale as the emission data. First-principles calcu-
lations of InGaN band structures and their modification with pressure are performed. The results are not able
to explain the huge effect observed in thmissionexperiments, but they are in good agreement with the
optical absorptiondata. Significant bowings of the band gap and its pressure coefficients are found, and they
are especially large for small In concentrations. This behavior is related to the changes in the upper valence
band states due to In alloying. Some possible mechanisms are discussed which might be expected to account
for the low pressure coefficients of the light emission energy and the difference between the sensitivity of the
emission and absorption to pressure.
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[. INTRODUCTION charge accumulation at the interfaces between the epitaxial
layers. The latter is present even in the unstrained bulk ni-
In,Ga, _,N ternary compounds are materials forming ac-trides and originates from a relative shift of the cation and
tive layers in newly developed optoelectronic light emittersanion sublattices along the axis of the polar wurtzite
working in the green-blue spectral range. Having band gapstructure® The effective electric field, directed along tise
that are composition tunable in a large range of energieaxis (epitaxial growth directioncaused by spontaneous and
(1.9-3.5 eV depending on the indium condethis material  piezoelectric fields leads to a bending of the potential profile
is well suited to form quantum wells in many optoelectronicin a structure consisting of InGaN layers. As a result a spatial
devices based on group Il nitridédn spite of very inten- separation of photoexcited electrons and holes takes place
sive research, the mechanism of the light emission from suctvhich is accompanied by a decrease in their energetic sepa-
devices is still unclear. For example, the degree of localizaration. Thus, when the built-in electric field and the quantum
tion of carriers/excitons involved in the radiative recombina-well width increase, the emission energy, related to the car-
tion has been widely disputed. Different authors haverier recombination, decreases. The second effect leading to a
pointed out a leading role of either localized states/localizeded shift of the emitted light energy, as well as to a Stokes
excitong or free-carrier recombinatiohA variety of factors  shift, is related to fluctuations in the In concentration in the
have been considered as influencing the optical properties afuantum well or epitaxial layer of InGaf® Formation of
such devices. It is believed that quantum confinement caugpseud® quantum dots or discs corresponding to regions of
ing a shift of the emitted light to higher energiésueshif) higher In concentration has been suggested by many re-
appears only when the thickness of the InGaN quantum weBearchers. These In concentration fluctuations are believed to
is below 3—4 nnf. Quite often a red shift of the emitted result from a phase separation in thgGay, _,N alloy®1°
photon with respect to the JGa LN alloy band gap as particularly for high values of. In the epitaxial layers, the In
obtained by linear interpolation iis observed. This is usu- concentration can locally differ significantly from the aver-
ally associated with two effects. The first one results from theage(nomina) value. Similarly to the optical effects found in
built-in macroscopic polarization which has two contribu- InGaN layers and structures subjected to the internal electric
tions, piezoelectric polarization due to strain induced by latfields, in the case of In content fluctuations the light emission
tice mismatch, and spontaneous polarization produced byalso occurs in the regions with the lowest energy gap, i.e., in
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the regions with high In conter{pseudodofs where local- indium in a 32-atom supercell. As a result of the calculations
ized electronic states or excitons can be formed. we obtain(i) the dependence of the band gap and its pressure
All the effects mentioned above make an unambiguougoefficient on the content of indiunij) the total density of

determination of the band gdf , versusx difficult. In par- ~ States(DOS) and the contributions to the DOS from the in-
ticular, this applies to the determination of the magnitude ofdividual atoms(Ga,In,N for each case. This allows us to
Ec from the measured emission enerBy. Further, it is identify mechanisms requn3|ble for Fhe peculiar” behavior
widely accepted now that the gap bowing parameter fofy | %, 2 SCECC, NS R o e
L%S:igc;rl\llrlfelzgj\l-rxiltsh r;eof\lzcltr? g;itsetrr]?nggd(;?zp5)o_lflt§ﬁ mental pressure induced evolution of the light emission and

. . bsorption in InGaN we discuss additionally the effect of

increase of the Stokes shift and a commonly reported broacgressure dependence of the piezoelectric fields, which might
ening of the absorption edge in,[Ba ,N alloys accom-  gjgnificantly influence the optical transition energies in the

pany a rise irx value. Another puzzling observation pointing peterostructures.

out a particular role of Inin InGaN alloys, is the finding of & | the next section the experiment is described, and in
small x--dependent pressure coefficienttf in thick layers  gec. |1l some details of the calculations are given. Results

as well as quantum structures of ®e; ,N.****The previ-  and discussion are included in Sec. IV and V.
ous studies were limited to structures witthelow ~0.25,

and the emission energy above 2.4 eV. They showed that Il. SAMPLES AND EXPERIMENT

with decreasing emission energyfe./dP is reduced drasti- . .
cally. In particular, forx ~0.2 the pressure coefficient  |N€ Present work comprises measurements of photolumi-

dE./dP=15 meV/GPa. is almost three times smaller than"€Scence as a function of hydrostatic pressure performed on
e ’

that measured for GaN40 meV/GPa (Ref. 14 and two & set of InGaN quantum dot and quantum well structures
times smaller than that calculated for 18D I,..neV/GPalSJG covering the broad range of emission energies from 2 to 3

respectively. This low value of the pressure coefficient Wasev.' Eaf'gef data _obtamed for - quantum \.Néﬂég .and
originally associated with localization of carriers or excitonsePilayers® are also included for a complete discussion. The
participating in the radiative recombination since it is well sample data are collected n Table I. Th_e quantum dot struc-
known that localized electronic states in semiconductors exU'® (sample A was grown in the Stranski-Krastanov growth

H 19,20
hibit weak sensitivity to the external presstfé® So far, ~mode by the molecular beam epitaxyIBE) method.

these experiments strongly favored the suggested carrier Ig€ guantum well samples, labeled B—F, were grown under

. . . '20
calization as the critical factor determining the optical prop-2 Nigh V/lil ratio to prevent the formation of QDS The
erties. However, recently the investigationf the InGaasN ~ Variable parameter in this set of samples is the quantum dot
alloy system brought evidence that for a wide range of Comhelght/quantum well thickness V.Vh'ph varies from 1 nm
positions, the band structure may react to pressure in a wamission at 3 eyup to 4.5 nm(emission at 2 eY/ Pressure

very different from its binary counterparts and from predic- xperiments were_performed in-a Iow-temperatyre diamond
tions using a simple virtual-crystal approximation. In par- anvil cell, cryo_gemcally_loaded with argon, serving as pres-
ticular, the pressure coefficients of the light emission/SUré transmitting medium. The measurements on MBE

absorption showed a strong dependence on the app"égfown guantum dots and quantum wells were performed at

pressure and even aproached zero for certain values of pred K in the pressure range 0-8 GPa. The photocuraint
sure and nitrogen concentratioh. sorptionlike measurements were performed on an InGaN

The purpose of the present work is to check and discrimi_multiquantum well LED grown at University Santa Barbara

nate between the band structure and localization effects takS@Mple SB and also on two types of commercially avail-
ing also into account the pressure dependence of the piez82!€ Nichia LEDs(samples NB,NG The experiments were
electric effect in InGa,_,N. In order to achieve the goal we per_formed at 300 K, using the l_JNIPRESS_cIam_p piston-
have performed, first, a systematic high-pressure study of th%yllnd_er pressure_cell eq_wpped W'.th a sapphire window and
photoluminescence in the InGaN system choosing sample‘%'eCtr'C_al. connections. Light ga_sollne was l.JS?d as a pressure
emitting at various wavelenghtd10—630 nm, 2—3 eNand transmitting med!um. The resistance variations of a cali-
comparing these results to those obtained earlier. The expeffated InSb semiconductor gauge was used to monitor the

mental part was completed by the measurements of photd? €SSure. F_’rior_ to the experiment, the commercial blue anq
current spectrdabsorptionlike datafor three different In- green Nichia diodes were decapsulated. For the electrolumi-

GaN light emitting diodes(LED). The aim of these nescenceEL) m,easurement(sat current of 2 mA light emit-
measurements is to discriminate between mechanisms ré‘?d by the LED’s was dispersed by a SPEX 500M spectrom-
sponsible for the light emission and the light absorption.eter and detected by a photon counting system. In the studies
Light emission probes only certain recombination pdéhg., of t_he pressure dependence of the photocuw(ﬂé_@l spectra,
related to the local extrema of the band structure caused B{fite light of a xenon Iamp was monochromatized by a CVI
In fluctuations and related carrier/exciton localizajiohhe 42, and then chopped V.V'th a freq_uency 78 Hz. The photo-
light absorption, on the other hand, gives information aboufurrent was measured with a lock-in amplifier.

the alloy band structure averaged over the sample. Secondly, IIl. METHOD OF CALCULATIONS

band structure calculations including pressure effects were '

performed. To simulate the JGa, _,N alloy for differentx The band structures of JGa_,N were obtained by
values, from one to eight gallium atoms were substituted byneans of the supercell technique. Substitution of one to eight
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TABLE |. Structure and parameters of InGaN samples quoted in this paper.

Sample structure width/height growth In measurement source
symbol A method content temperature

A Quantum dot 10 MBE 15% 80 K this paper
B Quantum well 20 MBE 20% 80 K this paper
D Quantum well 35 MBE 20% 80 K this paper
E Quantum well 40 MBE 20% 80 K this paper
F Quantum well 50 MBE 20% 80 K this paper
NB Quantum well 15 MOCVD  20%22%) 295 K Ref. 11(Ref. 14
NG Quantum well 25 MOCVD  45%22%) 295 K Ref. 11(Ref. 19
U Quantum well 30 MOCVD 18% 295 K Ref. 12
S1 Epilayer MOCVD 8% 4 K Ref. 17
S2 Epilayer MOCVD 14% 4 K Ref. 17
SB Quantum well 30 MOCVD 13% 295 K Ref. 8

gallium atoms by indium in a 32-atom supercell corresponddower than what could be expected from interpolations of the

to indium concentrations ranging from 0.0625 to 0.50. For data known for the pure binaries GaN and InN. It appears
each case we calculated the electronic band structures at difhat the pressure coefficient is a function of the emission
ferent values of the hydrostatic pressure, and the equilibriurenergy, and that it decreases with decreasing emission en-
volumes were determined. In order to include the lattice reergy. Having now a larger set of samples emitting in a very
laxation effects in the neighborhood of the In impurity the broad energy range we can study this tendency in more de-
full nonspherical shapes of potentials and charge distributail. Figure 1 shows the emission spectra from our MBE
tions were taken into account, and for this purpose we usegrown quantum structures measured at80 K. Samples A,

the full-potential versioft of the linear muffin-tin-orbital B, and D have very similar emission intensities, but in E and
(LMTO) method?® All (nonoverlapping muffin-tin spheres F the quantum efficiency is significantly reduced. Figure 2
were chosen to have the same size. As usual, in open strushows the photoluminescence measured at pressures close to
tures, empty sphereémuffin-tin spheres without nuclear 0 and 6 GPa. It is seen that with decreasing emission energy,
charge were inserted in the interstitial regions to improve the shift induced by pressure in the energy of the photolumi-
the packing fraction. The basis set includes three sets of panescence peaks decreases and even tends to change sign for
tial waves ofs,p, andd character on each atomic site, with a sample F. As mentioned already in Sec. Il we used LED
total of 44 LMTO orbitals per formula unit. The local ap- photocurrent measurements to evaluate the influence of pres-
proximation (LDA)? to the density-functional theory was sure on the light absorption. This technique was chosen be-
used, and we applied the Perdew-Zui§grarametrization cause standard optical absorption experiments are of little
of the Ceperley-Alder exchange-correlatfidnThe funda- use in the case of the narrow quantum well structures exam-
mental gaps derived from the LDA band structures are genined here. The photocurrent is extremely sensitive to the ab-
erally 50-100% too small. To make a comparison of oursorption in the region of the depletion lay@vhich coincides
results with experiment easier we shifted the conduction
bands of InGa; _,N rigidly up. First the shifts necessary to 3x10°
reproduce the experimental gaps of GaN and InN were de:
termined. Subsequently, for the,(Ba N alloy a shift lin-

early interpolated between those of the pure constituents wa_
applied. Both the wurtzite and the cubic phases were studied@ e |
and only minor differences were found in the size of the §
fundamental band gap and its pressure behavior in these twi
phases. This agrees with our previous calculations of theg
band structures of the I1I-V nitridé3and the studies of de- &
fects in hexagonal and cubic GaN by Neugebauer and Van dr

S ix10°f
—

Walle 26 o

IV. EXPERIMENTAL RESULTS AND DISCUSSION 0

. . . . 1.6 2.0 N 2?8 ' 32 36
As mentioned earlier, all previous high pressure measure:

ments performed on §Ga _,N structuregwith emision en-
ergies between 2.4 and 3.2 eNave found very small pres- FIG. 1. Photoluminescence of MBE grown GaN/InGaN samples
sure coefficients of the energies of the emission p&aks?®  consisting of QD's(A) and QW's (B)—(F) measured at ambient
The magnitudes of the measured coefficients were mucpressure and=80 K.

Photon energy (eV)
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the measured pressure coefficients as a function of the emis-
— 53GPa Sample A, 80 K sion peak energy. A linear relationship is observed. More-
over, the pressure shifts of the electroluminescence spectra,
measured aff=300 K for the three LED’s(SB,NB,NG
have magnitudes very similar to the measured &80 K.
One should notice that the samples which are represented in
this figure were grown by different methods and at different
temperatures, and therefore they presumably have different
In fluctuation scales. Also, as we can learn from the data in
Table 1, there is no correlation between the nominal indium
concentration of the emitting material and the emission en-
ergy and its pressure coefficient. It is possible, however, that
the dimensions of the quantum structgdet height or quan-
. . T . — 7 ’ tum well width) may play certain role in determining the
26 28 80 sz 34 58 pressure behavior of the emission. Comparing structure data
@ Photon energy (eV) gathered in Table | with the pressure behavior of emission
shown in Fig. 4 we can notice the apparent correlation of the
Sample D, 80 K increasing well width and decreasing pressure coefficients.
Figure 4 also shows data from absorptionlike experiments
performed on InGaN light emitting diodes. These data give
higher pressure coefficients than those derived from the
emission experiments at the same wavelengths. Also for the
absorption data there seems to be a linear dependence of the
pressure coefficients on the absorption energy, however, with
a somewhat larger slope than obtained by a linear interpola-
tion between the band gap pressure coefficients of GaN
(~40 meV/GPa and InN (~25 meV/GPa). The solid line
represents the pressure coefficient of the calculated band
gaps presented in the following section. The calculated val-
RE ues of the pressure coefficients for the pure constituents are
2.0 I 2.2 I 24 ' 26 ' 28 ' 3.0 37 meV/GPa and 25 meV/GPa for GaN and |nN, respec-
(b) Photon energy (V) tively. The absorption experiment and the theory are seen to
agree well. But, there is still a dramatic difference between
absorption and emission data. Here, we would like to discuss
the situation when hydrostatic pressure is applied to the het-
erostructure composed from materials having different com-
58 GPa pressibilities. It is indeed the case for the structure such as
150 [ I ’: __________ 0 GPa GaN/InGaN. InN is almost two times more compressive than
o } GaN. If this type of structure is subjected to hydrostatic pres-
sure, the harder material reduces the compressibility of the
softer one, thus leading to somewhat weaker in-plane defor-
mation of the quantum well material. This problem was al-
ready discussé&?®and it was shown that the relative reduc-
tion of the emission pressure coefficient should not exceed

10000

5000

PL intensity (arb. units)

10000

5000 -

PL intensity (arb. units)

200 |- Sample F, 80 K

PL intensity (arb. units)
g
T

Vadaon, e the half of the relative difference of the respective bulk
B moduli (compressibilities Accordingly this effect should
T T o T e not lead to the reduction of the pressure coefficients higher
© ' ' Photon energy (eV) ' ' than 10% for the sample presented here. Another reason for

the very weak pressure sensitivity of the light emission could

FIG. 2. Pressure induced changes of photoluminescence spectp@ that the pressure anomaly of the InGaN band structure
from MBE grown InGaN gquantum structure&) sample A,(b)  (seen in the absorptipris enhanced by additional carrier

sample D,(c) sample F. localization effects which are more decisive in the emission

_ _ o o (recombination mechanisms. Another hypothesis to be dis-
with the InGaN active laygithus amplifying the sensivity of  cyssed in the following section is possible contributions to

the experiment. In Fig. 3 the photocurrent spectra measuréle observed anomalies from internal electric fields.
for three different InGaN structures are shown. The same

figure also shows examples of the pressure induced shift of V. THEORETICAL RESULTS
the photocurrent edge. In order to consistently calculate the
position of the relatively broad edges we used a sigmoidal fit
proposed recently by Martiat al?® In Fig. 4 the results are By substituting from one to eight gallium atoms by in-

combined with those reported earlier, and the figure showsium in the 32-atom supercell we simulated the band struc-

A. InGaN band structure under pressure
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FIG. 3. Photocurrent and electroluminescence spectra for sampl@i@Bt), NG (green, NB (blue). (a) Emission and photocurrent
spectra for two different values of pressufie), position of emission peaks and photocurrent edge as a function of pressure.

ture of InGa _,N with indium concentrationx equal to  dence. The values of equilibrium volumes and bulk moduli
0.0625, 0.125, 0.1875, 0.25, and 0.50. For each valualaf  are almost linearly dependent gnCalculations of the lattice
band structure was calculated for different volumes to findrelaxations around the In atoms showed that In is always in
the equilibrium volume and the hydrostatic pressure deperman almost ideal substitutional position, even in the case
where eight In atoms are placed in the supercell. The nearest

. Ga'}g neighborN atoms relax symmetrically outwards. The value

S 401 eX of this relaxation is 6% of the bond length, for the wurtzite as

) well as the zincblende structure.

3 30 Figure 5 shows the band gap as a functiorkxddr both

\E/ i structures. The results for the wurtzite and the zincblende

o phases are very similar. Up to 25% In content the energy gap

E 20 b is decreasing rapidly with the number of indium atoms: from

3 3.5 eV for pure GaN to about 2.6 eV for=0.25, in the

3 wurtzite structure. For larger values »fthe gap decreases

§ 10F more slowly, reaching the value of about 2.2 &/1 eV in

4 ~oF InGaN band gap - theory the zinc-blende structuydor 50% indium. The correspond-

e 4 ‘E‘:flg;‘l’;'r‘]’“ (photocurrent) ing bowing parametefl/2 times the second derivative of the
?F. o . R gap with respect ta) is found to be~3 eV up tox~0.25,

and then it decreases. Our findings agree qualitatively with
the previously reported resulfsee, e.g., Ref. 29 Looking
for an explanation of such a peculiar behavior of InGaN, we

FIG. 4. Available data for absorption and emission pressure coconsider the total density of statéSOS) as a function of

efficients. The solid line shows the results of the theoretical calculndium concentration. Figure(& shows the DOS as calcu-
lations performed in the present work. Dotted lines are to guide théated for the uppermost valence bands ofGe; N in the

eye. Upper dotted line: photocurrent spectra; bottom dotted lingvurtzite structure for four In concentrations=0, 0.125,
electroluminescence and photoluminescence data. For sample sy@-50, and 1.0. Similar results for the zinc blende structure are
bols see Table I. shown in Fig. €b). In all cases the bottom of tHé— 2s band

20 22 24 26 28 30 32 34
Energy (eV)
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GaN RN
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y
)
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w T
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100 u
20 -
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1 5 1 L 1 L 1 n 1 L 1 " 1 0 17
0.0 0.2 0.4 0.6 0.8 1.0 (a) Energy (eV)
X 500 LI i T T T T ' 1 LA B |
. - O InGaN 12.5% In ;
FIG. 5. The calculated InGaN band gap as a function of indium 1 H GaN zincblende
composition for the wurtzite and zinc blende structures. 400 i ----InGaN 50% In

phA e

E |

is used as energy reference level. For both structures we finc [ AN

(i) a change of the shape of the valence band top for 12.5 ancs ! ' LN

50% indium as compared with pure GaN and InN—the 3

shoulders which appear at the band top are indicated by ar-g 200 4

rows in Fig. 6,(ii) the valence band width does not vary +

linearly with x; for 12.5% In it is larger than in pure GaN

instead of decreasing linearly as might be expected from the 100+

virtual-crystal approximation. We found also that far

=0.25 the width of the valence band is practically the same

as in GaN(not shown in Fig. & o 10 11 3 14 15 16 17
Next, we consider the hydrostatic pressure dependence o (b) Energy (V)

the InGa, _N energy gap. In Fig. (8 the band gap defor-

mation potentials are shown for the wurtzite and zinc blende FIG. 6. The valence band density of states for Gadlid line),

structures as functions of As found for the band gap we [nGaN with 12.5% In(dotted ling, 50% In (dashed ling concen-

a|so observe a Strong increase of the gap deformation poteﬁ'ﬁtions, and for |n’\(d0tted-dashed Ilr)e(a) Waurtzite StrUCtUre(b)

tial with increasing In content. This Corresponds to a de.ZiI"IC blende structure. In all cases the bottom ofthe2s band is

crease of the pressure coefficient, which is shown in Fig_used as energy reference level. The arrows indicate characteristic

7(b). The bowing is significant in both cases. Again, theshc_;ulders appearing in the InGaN DOS due to the indium incorpo-
wurtzite and zinc blende results are very similar. The presfaion-
sure coefficients obtained here by the full-potential LMTO
for the binary compound$37 meV/GPa for GaN and 25 anions and cations for the higher valence bands of pure GaN
meV/GPa for InN in the wurtzite structurdiffer slightly — and of InGa,_,N with x=0.25, are shown in Figs.(& and
from the values obtained earlérby the LMTO-ASA  8(b), respectively. Figure®) shows that In states contribute
(atomic spheres approximation, i.e., using spherically symto the whole uppermost valence band hybridizing strongly
metric potentials?? 39 and 30 meV/GPa, respectively. Our with GaN states. As a result, the p)( states, which contrib-
calculated pressure coefficients of the energy gap for differute to the valence band top by about 90%, are pushed up,
ent In content are in good agreement with the experimentathanging the valence band edge shape. Further evidence for
data obtained from absorption experime(gse Fig. 4. strong interactions between indium and nitrogen states is
The unusual decrease in both the band gap and its prepresented in Fig. @), showing partial DOS contributions
sure coefficient with In content seems to come from the Infrom two types of N atoms: type 1, nearest neighbors of
induced changes of the states at the valence band top. To fiid-atoms; type 2, nearest neighbors of Ga atoms d¢fdy
an explanation for the unusual behavior of the valence bandway from In atoms There are dramatic differences at the
we analyzed the contribution of different states to the vavalence band top in the DOS for the two types of N atoms.
lence band top as In is added to GaN. Analyzing the bandhe resonantcharacter of an In impurity state in the con-
structure and the density of states up to 50% indium weinuum of GaN valence bands was earlier found by empirical
found no states in the gap. Also, the In contribution to thepseudopotential calculatiod$. The uncertainty resulting
lower part of the conduction bands is negligible. On the othefrom different arrangements of In atoms in the supercell was
hand, Inf,d) states contribute significantly to the uppermostestimated for the calculations for 18.75 and 25 % In for the
valence bands. Partial densities-of-states corresponding teurtzite structure. This was done by placing the In atoms in
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FIG. 7. (8 The InGa,_N band gap deformation potential as a InGaN
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as a function of indium composition for the wurtzite and zinc v | ... - Ntype 2 rodl
blende structures. S a0k i L, -
g "| .'! \
two different ways, one where they were clustering in one & 30 i A ' .
corner of the supercell, another with the In atoms distributed & ool H f - '. i
as uniformly as possible. The calculated values of the band H 4 i i
gap vary by~0.15 eV, becoming lower in the “clustered” 1o S *, A ol ‘\.__ -
case. The corresponding pressure coefficients are ' R
~2 meV/GPa smaller. The results reported in Figs. 5 and 7 0—5 1'0 1'1 1'2 1'3 1'4 1'5 1'% 77

are average values. Obviously, for larger supercells there
might be configurations with significantly larger clustering,
which would lead to still lower values of the band gap and its g g, partial DOS fofa) pure GaN, solid line: N contribution,

pressure coefficient. dotted line: Ga contribution, dashed lind®) InGaN (25% In con-
centration; solid line: N contribution, dotted line: Ga contribution,
dashed line: In contribution(c) InGaN (25% In concentration
solid line: N (type 1 -contribution; dotted line: Ktype 2 contribu-
The optical properties of quantum structures are stronglyion.

influenced by internal electric fieldsin nitride based quan-
tum wells thicker than 3 nm an electric field of the order of hydrostatic pressure tends to reduce the internal sttaf.
10° Vem™? via the quantum confined stark effe@@CSE  This comes from the fact that compounds of larger lattice
can lead to an emission energy which is 1 eV lower than theonstantgInGaN in our caseare softer than compounds of
band gap of the bulk material. Therefore, the influence okmaller lattice constantas would be GaN in our case
pressure on the internal electric field should be examined. Therefore, the creation of a tensile strain by pressure gradu-
Results obtained for many different strained heterostrucally reduces a previously existing strain in ttheGaN) quan-
tures(other than nitrideshave shown that the application of tum well, and this then leads to a reduction of the electric

(© ENERGY (eV)

B. Internal electric field at high pressures
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field, which again gives @ositive contribution to the pres- mechanical changes can be amplified by the presence of a
sure coefficient of the emission energy. On the other handjiezoelectric field. Unfortunately, the material parameters

recent experimental results on the influence of hydrostati®ieeded to improve on the present type of calculation are not
pressure on the light emission from strained AlGaN/GaNyet avalaible®

quantum well®® demonstrated that the electric filok more

strictly speaking a potential drop across a quantum )well

reducesthe pressure coefficient of the photoluminescence VI. CONCLUSIONS

peak energy. In the case of AlGaN/GaN structures the effect \ye have studied the influence of hydrostatic pressure on

of the internal electric field can be explaif@aithin simple .o amission and absorption spectra measured from various
linear elasticity theory using piezoelgctric tensor data a.vailv[ypes of InGaN structures. The samples examined consisted
able for GaN and AlGaNfor AiGaN interpolated from bi-  of epjijavers, quantum wells and quantum dots. While the
naries. The origin of this effect is the increase of the Piezo- o mission energy changes from approximately 3 down to 2
electric field caused in part by a nonhydrostatic response Qly; jts relevant pressure coefficient varies from 30 meV/GPa
the wurtzite lattice to fully hydrostatic external str&sand down to zero or even a slightly negative value. Thus we can
specific interplay of elastic constants and piezoelectric tensq¥pserve the evolution of the pressure coefficient value from

elemgnts. . e characteristic for standard band to band transitions to the
A similar approach is more difficult to apply to the case of 5 gnityde which resembles a highly localized, e.g., an intra-

InGaN/GaN heterostructures because in addition to the ele¢nier type of recombination. All data for the pressure coef-
tric field, effects related to In content fluctuations can CON+icients can be arranged as a linear function of the emission
tribute to the observed behavior. Let us, for the sake of Simgperqy This dependence seems to be unrelated to the method
plicity, consider a homogeneous distribution of In andqt growth and to the details of a particular quantum well

concentrate on the internal electric field which originatesgiycyre of the samples. The observed pressure coefficient
from the strain existing in the InGaN/GaN layer grown in the g ,ction then reflects a universal property of all the InGaN

polar (0002 direction. Apart from a “classical” piezoelectric gy cryres. In the search for a microscopic explanation of the
component of the internal electric field, we encounter herg,psenations we performeab initio calculations of the alloy

the presence of the spontaneous polarization which is alang structures and their changes with pressure. Significant
lowed by the relatively low symmetry of wurtzite. However, bowings of the InGa, ,N band gap and its pressure coeffi-

since the _sp%ontaneous. polarizations of GaN and INN argjen: are found, and the bowing effects are especially large
rather similaf the most important component of the field is for small concentrations of Inx<0.25). This behavior is

the p|ezoelegtr|c polarlzatl_on_. We have used linear elastigo|qa to the changes in the upper valence band states due to
theory to estimate the strain in InGaN/GaN heterostructureﬁ1 alloying. Apart from a similarity in trends the band struc-

'?? F;a?"el tg (t;heN?naly?]l_s pe;fo;med for theFAIGal;llclaIaN ture calculations are not able to explain the large pressure
(Ref. 33 and GaN/sapphireRef. 28 systems. First of all, ~,eficient reduction observed in theissionexperiments.

the strain tensor is calculated assuming coexistence of hydrgz contrast, the pressure coefficients obtained fromabe
static pressure and biaxial st_ress n th_e quanFum_ well IayeEorption measurements are not that small, and in this case
Then thez component of the piezoelectric polarization vector e e s good agreement between the calculated pressure
is determined for quantum wells and barriers. Finally, foropanaeq of the band structures and the experimental resuits.
simplicity, we consider the case of a single quantum well * Ag"5 nossible mechanism which can account for the very
layer placed in between two thick barriers which enables ug,, ., pressure coefficient of the emission energy and the dif-

to apply a simple fom_““'a fpr the v_a_lue_ (.)f the ele_ctric field i torence between the sensitivity of the emission and absorp-
the quantum well region with semi-infinite cladding layéts. o1t applied pressure we discussed the influence from in-
The results show that contrary to the AIGaN/GaN case, bufe; ) electric fields. Analysis of the effects of these fields

In agreement \.N'th the intuitive §tra|n—release argument, th‘E)erformed within the linear elasticity theorpiezoelectric

s ; eé%d spontaneous polarizatigoris InGaN/GaN heterostruc-
pressure coefficient beinge=—0.242 mV/(A GPa). A e fajled to explain the observed anomalies. The pressure
negativeag causes an increase of the emission energy Withyapendence of the internal field should be examined using a
pressure due to the QCSE and thus gives a positive contr,qre refined model, including better piezoelectric constants
bution to the pressure coefficient of the emission energy,ny nonlinear elasticity of the InGaN alloys. Further, the
Considering a typical quantum well structure of 50 A width oftects on the emission properties by In concentration fluc-

we may expect the increase of the pressure coefficient of thg,ations and localization of carriers and excitons need to be
emission energy to be of the order of 12 meV/GPa. It shoulq |4 ified.

be borne in mind, however, that this estimate may be

strongly influenced by two factors. First, the use of linear

mterpolr?mon for the InGaN piezoelectric tensor may .be in- ACKNOWLEDGMENTS
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