View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by VCU Scholars Compass

Virginia Commonwealth University

VIRGINIA COMMOMNWEALTH UNIVERESITY VCU SChOIarS Compass
Electrical and Computer Engineering Publications Dept. of Electrical and Computer Engineering
2000

Well-width dependence of the ground level
emission of GaN/AlGaN quantum wells

A. Bonfiglio
University of Lecce

M. Lomascolo
University of Lecce

G. Traetta
University of Lecce

See next page for additional authors

Follow this and additional works at: http://scholarscompassvcu.edu/egre pubs

b Part of the Electrical and Computer Engineering Commons

Bonfiglio, A., Lomascolo, M., Traetta, G., et al. Well-width dependence of the ground level emission of GaN/AlGaN
quantum wells. Journal of Applied Physics 87, 2289 (2000). Copyright © 2000 AIP Publishing LLC.

Downloaded from
http://scholarscompass.vcu.edu/egre_pubs/187

This Article is brought to you for free and open access by the Dept. of Electrical and Computer Engineering at VCU Scholars Compass. It has been
accepted for inclusion in Electrical and Computer Engineering Publications by an authorized administrator of VCU Scholars Compass. For more

information, please contact libcompass@vcu.edu.


https://core.ac.uk/display/51293474?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://www.vcu.edu/?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarscompass.vcu.edu/egre_pubs/187?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:libcompass@vcu.edu

Authors
A. Bonfiglio, M. Lomascolo, G. Traetta, R. Cingolani, A. Di Carlo, F. Della Sala, P. Lugli, A. Botchkarev, and H.
Morkog

This article is available at VCU Scholars Compass: http://scholarscompassvcu.edu/egre_pubs/187


http://scholarscompass.vcu.edu/egre_pubs/187?utm_source=scholarscompass.vcu.edu%2Fegre_pubs%2F187&utm_medium=PDF&utm_campaign=PDFCoverPages

JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 5 1 MARCH 2000

Well-width dependence of the ground level emission of GaN JAIGaN
guantum wells

A. Bonfiglio,® M. Lomascolo,” G. Traetta, and R. Cingolani
INFM-Dipartimento di Ingegneria dell'Innovazione, University of Lecce, 73100 Lecce, Italy

A. Di Carlo, F. Della Sala, and P. Lugli
Dipartimento di Ingegneria Elettronica, University of Roma “TorVergata,” 00133 Roma, Italy

A. Botchkarev and H. Morkoc
Electronic Engineering, Virginia Commonwealth University, Richmond, Virginia 23173

(Received 21 June 1999; accepted for publication 1 December 1999

We have performed a systematic investigation of GaN/AlGaN quantum wells grown on different
buffer layers(either GaN or AlGaNin order to clarify the role of strain, structural parameters, and
built-in field in determining the well-width dependence of the ground level emission energy. We
find that identical quantum wells grown on different buffer layers exhibit strong variation of the
ground level energy but similar well-width dependence. The data are quantitatively explained by an
analytic model based on the envelope function formalism which accounts for screening and built-in
field, and by a full self-consistent tight binding model. Z00 American Institute of Physics.
[S0021-897€00)09105-2

I. INTRODUCTION tion, namely, strained well§samples grown on GaNor
strained barriergsamples on AlGalN Despite the identical

In recent years, many research efforts have been made guantum wells, the two sets of samples exhibit a strong dif-
order to develop the knowledge basis for the application oference in the ground level emission energy. The comparison
GaN/AIGaN quantum wellSQWS) to optical devices™®  to a suitably developed theoretical model provides a good
However, the application of such materials still needs a fullquantitative understanding of the experimental data.
comprehension with particular concern to the relation be-
tween optical properties and detailed structure of the systems MATERIALS AND METHODS
under consideration. For instance, in addition to the well
known effect of strain, the built-in electric field has been
recently showh ' to affect the ground level energy of GaN/
AlGaN quantum wells. Namely, a well-width dependent
Stark shift of the emission energy of the QWs has been o

served in photoluminescena®Ll) and reflectivity experi- rowth of a 1m thick GaN buffer layer grown at 800 °C.

ments. Such a field originates from the superposition of hen, an Ab1Ga, s layer was grown with two different

spontaneous polarization charge and piezoelectric charge Hickness values for each set of samples: 100 nm for the first
the heterostructure, and it can be exploited to tailor the emis- '

. i . . o and 10 for the second. Finally, the quantum well region was
sion energy of a QW-based optical device. In addition, the rown. The strain in the QW was varied by changing the

strength of the built-in field is sensitive to the injected chargeguffer laver of the structures: samoles arown on the 10 nm
density, due to the screening efféctIn this article, we ok A'oylsGéb N buffer Iayér areppsegdomorphic 10 the

present a comprehensive spectroscopic investigation of Gal}tlz : i
AlGaN QWs characterized by different strain distribution aN substrate, so that the GaN QWs are_unstramed. Con
versely, samples grown on the 100 nm thiclky AGa, gg\

and structural parameters. By growing identical quamun})uffer layer(which is completely relaxedresult in strained

wells on GaN or AIGaN sul_:)str_ates, we clarify the mte_rpIa.yQWS' Each sample consisted of 10 GaN quantum wells. In
between strain, piezoelectric field, spontaneous polarizatio T
ach set, four samples of well width,=2,3,4,5 nm(mea-

field, and quantum size effect in determining the groun sured by double-crystal x-ray diffractipwere grown and
level energy of the heterostructures and its well-width depen= y Y y 9

analyzed. The barrier width and composition were kept con-
dence. . . stant in all sample$Alg 1:Ga& g\, barriers of thicknest
The two series of samples are characterized by the sam 01 855 B

1€
value of the built-in field and by a different strain distribu- o™ .
The optical measurements were performed either under

cw excitation (325 nm line of a He—Cd lasgeror under
dpermanent address: INFM-Dipartimento di Ingegneria Elettrica edpulsed excitation(fourth harmonic of Nd-Yag lasgr The
Elettronica, University of Cagliari, Italy. ; ; _

Ypermanent address: CNR-IME Istituto per lo studio di nuovi Materiali persampIes were kept in a Van.able temperature closed-cycle
IElettronica, Via per Arnesano, I1-73100 Lecce, Italy: electronic mail: Cryostat. The spectral resolution was always better than 0.2

mauro.lomascolo@unile.it meV.

The samples were grown by reactive molecular beam
epitaxy on sapphire substrates. Following a cheniitalitu
cleaning ofc-plane sapphire substrates, a thin AIN buffer
layer was grown at 850 °C with ammonia as the active nitro-
gen source. The AIN buffer layer was followed by the

0021-8979/2000/87(5)/2289/4/$17.00 2289 © 2000 American Institute of Physics
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IIl. RESULTS 3.65 T T T v T T T T

Figure ¥a) shows the PL spectra of a representative 8o ]

sample(2 nm well width, strained QWat different tempera- 355} \ :
tures. Then=1 level is observed in the high energy wing of Tal Bulk GaN

the spectraaround 3.44 eV at 10 K together with the g >0

LO-phonon replicas. With the increasing temperature, the = 3451 )
spectra smearout and redshift. The room temperature lumi- @ 340 . .
nescence is found to drop in intensity by about a factor of 20 Woasl o QW Cabuter 1

with respect to the low temperature emission. The emission Theory: QW on GaN {n = 107

energy of the various bands was extracted by a Gaussian 3.30F  ---- Theory: aw on AIGaN (s = 10"em’)

deconvolution of the spectra at each temperature, leading to

the results displayed in Fig(H). Both the ground level and

the phonon replica follow the temperature dependence of the Well width (nm)

energy gap reported in Ref. 8. FIG. 2. Well-width dependence of the ground level emission energy of
The systematic analysis of all samples results in thesaN/AIGaN QWs grown on GaXfull dots) or AlGaN (empty dots buffer

well-width dependence of the=1 ground level emission layer, at 10 K. The curves are calculated by means of E)jsand(3). The

displayed in Fig. Zsymbol3. In this figure, the experimental horizontal line indicates the unstrained bulk energy gap of GaN.

data are compared to the theoretical curves obtained by the

analytical model discussed in the next section. o S
The main features of the experimental data shown in I:ig_5|mllar in the two sets of samples, i.e., it does not depend on

2 can be summarized as follow: the thickness of the AlGaN buffer;

(1) For L,,=3 nm, the emission energy falls below the (5) In addition, we note that the emission energy blue-
bulk energy gap. shifts with increasing the photogenerated carrier derjgiby

(2) The observed well-width dependence differs consid-S"OWD-

erably from the usual square well mOdEl,_vZ dependende Points (1) and (2) are consistent with other reports,
(3) For a given well width, the ground level emission showing that strain and built-in fields affect the emission

energy is different in the two sets of samples, i.e., it depend§N€r9Y of the GaN-based quantum wells. The redshift of the
dramatically on the AlGaN buffer thickness. emission is due to the concomitant effect of the strain and of
(4) Despite the difference in the absolute energy vaIuethe quantum confined Stark effect caused by the internal field

the well-width dependence of the ground level emission idgiven by piezoelectric plus spontaneous polarization fields
In addition, both effects cause a departure from the well-

known square-well model prediction, either due to the bend-
ing of the well potential or to the nonlinear shift of the bulk

1 ! I 1 ! 1

3.25 1 1 "
16 20 25 30 35 40 45 50 55 60

350 can @1 band gap edge, respectively.

345} m . Points(3) and (4) indicate that the thickness of the Al-
% 3.40f nt Tt . ] GaN buffer affects the emission energy but not its well-width
‘;335 [ evececer 0 0 0y, s ] dependence. Since the strain distribution is strongly varied
D7 m-1Lo S by the thickness of the AlGaN bufféstrained well for thin
2330 1 AlGaN buffer or strained barrier for thick AlGaN buffer
w oppdo0co 0 g o o o a B . . .

325¢ 1ol0 OSap A whereas the spontaneous polarization field is unchanged, we

L st L L L may infer that the well-width dependence of the emission
0 50 100 150 200 250 300

energy is predominantly determined by the Stark effect as-
sociated with the built-in field rather than by the strain dis-
T tribution in the samplegsee next sectignFinally, point(5)
(@) reveals that with increasing carrier density the internal field
3 is screened and the Stark effect is partly balanced by the
screening, resulting in a blueshift of the emission lines.

Temperature (K)

IV. DISCUSSION

Intensity (arb.un.)
_o:)

o H

| 7 In what follows, we attempt a quantitative analysis of
30 31

1 M 1 2 i "
32 33 34 35 36 37 our data, taking into account all the possible phenomena af-
fecting the ground level energy of the heterostructures:
Energy (eV) ; o
namely, strain, built-in field and structural parameters of the
FIG. 1. (a) Temperature-dependent spedte excitation of the 2 nm thick  quantum wells. In order to avoid any confusion, we will refer
GaN QWs grown on AlGaN buffer. The spectra are taken every 20 K fromgs “strain effect” to the modification of the band structure
10 to 310 K.(b) Temperature-dependent redshift of the main PL bands:; ; ; A At
obtained by the Gaussian deconvolution of the spectta)oThe downward m_duced by the strain, \_Nhlle the _Stram induced pOIanza,ltlc,m
triangles are taken from a bulk GaN and the continuous lines are calculate‘é}’III be referred as the piezoelectric component of the built-in
by the Varshni law(see Ref. 8 field.




J. Appl. Phys., Vol. 87, No. 5, 1 March 2000 Bonfiglio et al. 2291

As far as the strain is concerned, this is evaluated fol- At first order, neglecting high-field effects and correc-
lowing Ref. 9. According to this approach, samples withtions for free-charge screening, we might except that the
strained quantum well§hose grown on 100 nm thick Al- built-in field causes a redshift of the quantum well gap given
GaN layer$ should exhibit a dependence on the in-planeby the quadratic Stark effett:'* However, as one can ex-
compressive strain of the emission energy. In this case, thgect, such approximation is too simplistic and actually repro-
barriers take the bulk ALGa g\ lattice constan{3.177  duces only qualitatively the well-width dependence of the
A), whereas the GaN layers are assumed to grow pseudomaedshift.
phically and to undergo a compressive in-plane stegjs A more accurate analytical model based on the envelope
—0.37%. We similarly evaluate the strain correction for thefunction formalism can be developed in order to reproduce
samples grown on 10 nm thick AlGaN buffer, i.e., with the effects of the internal field and of the strain by assuming
strained barriers. In this case, the quantum wells take ththat (i) the rectangular quantum well is replaced by a trian-
bulk GaN lattice constant3.189 A), whereas A :GagN  gular well® resulting from the total built-in field, andi) the
layers grow pseudomorphically with a tensile in-plane strainwo-dimensional(2D) photoinjected charge density) is
0,=0.37%. The assumption of a strained AlGaN barrier isconsidered to accumulate at the GaN/AlGaN interface and to
consistent with the observation of pseudomorphic growth otcreen the built-in field. With these approximations the elec-
AlGaN layers for thicknesses as large as hundreds of nniric field in the well becomes
which is much thicker than the total amount of AlGaN con-
tained in our _10 perio_ds_mult_iple quantum wélls. _ Fu=Lp(p+PL—P¥)/[eo(Lyen+Lpew)] 2

The built-in electric field is evaluated by accounting for
the accumulation of a polarization charge at the interfaces o
GaN/AlGaN heterostructures. The total polarization chargegmd the ground level energy
can be written asP = Ppiesgt Pspon Where Pie,, is the
piezoelectric charge caused by the lattice misméatubk) and
by the thermal straifts) [ P pie,6= Pmist Pis], WhereasP o
represents the spontaneous polarization charge of the GaN/
AlGaN interface, as clearly demonstrated by the recent
works of Bernardinet al'°**For an alternating sequence of ¢
wells (w) and barrierdb), the total electric field in the well
can be calculated &

orheF, |1 1\
Elelh_Eg FWLW+ 8v2 (me+ mh) . (3)
The band gap shift induced by the strain is included in
g .2 In order to test the accuracy of the envelope function
model, we have compared Eq8) and(3) with the results of
a full self-consistent tight-bindingTB) model, for several
Fu=Lu(P2 — P")[eg(Lusnt Losw)]- (1)  injected charge densitié§:5 The tight-binding model is used
to describe the electronic structure in the entire Brillouin
epw being the relative dielectric constant of the layerszone, up to several eV above the fundamental gap. The self-
(analogous expression with exchanged indexes holds for theonsistent calculation is performed as follows: the electron
electric field in the barrigr The piezoelectric polarization and hole Quasi-Fermi levels are calculated for a given 2D
(Pym) induced by the lattice in-plane mismatch;f can be  photoinjected charge density and the electron and hole
calculated a®,= —2[ e35(C11/C33) —€31]0y wheree;; and  charge distributions are obtained and then substituted in the
Cj; are the piezoelectric tensor components and the elastiRoisson equation which account also for the spontaneous and
constants, respectively, as given in Refs. 10-12. Adoptingiezoelectric polarizations. The obtained potential is inserted
the strain vales quoted above, the piezoelectric polarizatioin the TB Schroedinger equation which is solved to obtain
charge in the set of samples grown on 10 nm thick AlGaNenergy levels and wave functions. Then, the new Quasi-
buffer turns out to beP}%,=0 in the quantum well ané},  Fermi levels are calculated and the whole procedure reiter-
=—0.0055C/m in the Aly,Gay g\ barrier. The opposite ated to self-consistendgee Refs. 7 and 16 for detail§his
holds for the set of samples grown on 100 nm thick AlGaNmethod, though intrinsically more accurate than the envelope
buffer, where we geP}=0.0051 C/mi in the quantum well ~ function model, requires a stronger computational effort.
and P,'?n=0 in the Al 1:Gaygd\ barrier. The values of the Figure 3 shows the comparison between the analytically cal-
polarization charge either spontaneous or piezoele@ige culated emission energi€ggs.(2) and(3), solid lined, and
pending on strain will be used as input parameters in the those obtained by the self-consistent tight-binding model
modeling of the electronic states discussed later. (symbolg. The analytical results reproduce quite well the TB
In addition, the thermal strain in our experimental con-results for densities below>10?cm™2. At higher densi-
ditions amounts to some 0.003%, resulting in an additionaties, the spatial distribution of injected charges should be
polarization charge of the order &fy= —3.2x10 * C/n?. taken into account properly for a quantitative analy@ms
As far as the spontaneous polarization charge is concernedeed under this condition, one cannot assume that charges
we take the recent data of Refs. 10-12, IeadingPtgg simply accumulate at the GaN/AlGaN interfagesrom Fig.
=—0.029 C/nt and Pts’p: —0.037 C/ms, the latter value be- 3, we also notice that the agreement between Eysind(3)
ing obtained by linear interpolation of the GaN and AIN and TB results improves as the well width increases. In fact,
values(Ps,= —0.08 C/nt in AIN). By using these data and for narrow wells, the triangular barrier approximation is no
Eqg. (1), we can calculate the built-in field in the different longer valid. Such comparison demonstrates that the enve-
samples, which turns out to vary in the range of 0.8—1.3ope function approach gives reasonable results provided the
MV/cm depending on the actual well width. injected carrier density is not too high and the screening is
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asl . fo_unc_l to be larger than the strain_-ino!uced piezoelectric con-
Density [10"cm"] tribution. The predominant contribution of the Stark effect
S 35f 8 induced by the built-in field also causes a substantial de-
% sal . crease of the exciton binding energy in these samples. Pre-
e 7 liminar calculations based on Green-function models reveal
G a3} 4 that the exciton binding energy in our structures is less than
H 10 meV, independent of well width. This supports the use of
B 32r 2 single particle envelope function model without excitonic
g 31k Analytic 1 contribution for the quantitative analysis of luminescence
® Self-consistent TB .
0.4 spectra in GaN/AlGaN quantum wells.
T s 4 s 6 7 8 9 1o V. CONCLUSIONS

Well width (nm) In conclusions, we have studied the interplay between

FIG. 3. Comparison between the well-width dependence of the ground leve$train and internal electric fields in GaN/AlGaN MQWs.

emission calculated by the envelope function model Egjsand (3) (con-  Both the piezoelectric component of the field and the strain

tinuous I|_ng$ and by th_e_ self-consistent tight-binding mod#lll dots_) for induced shift of the gap can be tuned by varying the strain

different injected densities. The accuracy of the envelope function mOde(liliStribution in the heterostructure. ie.. b rowina the

turns out to be very satisfactory for wider wells and for densities up to 4 » 1€, by g g

« 102 cm2. samples on GaN or AlGaN substrates. The results have been
quantitatively confirmed by theoretical calculations based on
a self-consistent approach and by a simpler but effective ana-

lytical expression. This demonstrates that GaN QWs are ef-

phenomenologically accounted for. This should be kept intcfectively systems in which four parametefsomposition,

considera_ti(_)n in view of the cal_culation of the emission en-yell width, buffer type, and charge densigan be varied for
ergy of Nitride-based laser devices.

tuning the ground level emission and therefore optimizing

The Dlueshift of the ground level emission versus theye characteristic of a possible QW-based optical device.
excitation intensity is presently under investigation. A pre-

cise comparison with the theory requires the exact knowl-'T. Takeuchi, C. Wetzel, S. Yamaguchi, H. Sakai, H. Amano, I. Akasaki,
edge of the photogenerated carrier density under stationary;é K&r‘gelk(ol'gsgé“akaga""a’ Y. Yamaoka, and N. Yamada, Appl. Phys. Lett.
cond_mons. This issue will be investigated in detail in a forth- 21 " 15euchi, s. Sota, M. Katsuragawa, M. Komori, H. Takeuchi, H.
coming paper. Amano, and I. Akasaki, Jpn. J. Appl. Phys., Pag& L382 (1997.
Nonetheless, under the present experimental conditionst- H. Park and S. L. Chuang, Appl. Phys. L&, 3103(1998.

; ; : ; J. S. Im, H. Kollmer, J. Off, A. Sohmer, F. Scholz, and A. Hangleiter,
in which the cw photogenerated rate is relatively low, we can Phys. Rev. B57, R9435(1998.

confidently compare the experimental data with Egsand 5A. Bykhovski, B. Gelmont, and M. Shur, Appl. Phys. Le@3, 2243
(3). All the parameters used to evaluate E2). and Eq.(3) (1993.

are taken from the literature? The AlGaN parameters are °M. Leroux, N. Grandjean, M. Laugt, J. Massies, B. Gil, P. Lefebvre, and

. . . . . P. Bigenwald, Phys. Rev. B8, R13371(1998.
obtained by using linear Interp0|atlons of the AIN and GaN "A. Di Carlo, S. Pescetelli, M. Paciotti, P. Lugli, and M. Graf, Solid State

ones. _ . Commun.98, 803(1996; F. Della Sala, A. Di Carlo, P. Lugli, F. Bernar-
From Fig. 2 we can see that the experimental data col- dini, V. Fiorentini, R. Scholz, and J. M. Jancu, Appl. Phys. L#&t. 2002
lected from the QW samples grown on GaN buffer are inS(R19g_9- i 6. Coli R Rinaldi L Calcagnile. H. Tang. A. Botchk
. g . . Cingolani, G. Col’, R. Rinaldi, L. Calcagnile, H. Tang, A. Botchkarev,
good quantitative agreement Wlt.h the theoretical results for ,,, Kim, A. Salvador, and H. Morkoc, Phys. Rev. 5, 1491(1997.
both sets of samples. The well-width dependence turns out te| . chuang and C. S. Chang, Semicond. Sci. Techt)l252 (1997.
be very similar for both sets of samples, indicating that the/°F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev56 R10024
Stark effect induced by the internal field prevails on the band,(1997- :
ey - . . . F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev. L&8, 3958
shift induced by the strain, and basically determines the (1997
ground level energy of nitride QWSs. On the other hand, for &2F. Bernardini and V. Fiorentini, Phys. Rev. &, R9427(1998; Rapid
given well width, the shift of the energy level induced by the Commun. Mass Spectrons7, 1 (1998 V. Fiorentini, F. Bernardini, F.

; ; ; ; _ Della Sala, A. Di Carlo, and P. Lugli, Phys. Rev.6B, 8849(1999.
pres_enlce ?f the stral(r;v_30 mfe\/) IS ConhSIStlznt V\.”th the ;he h 13G. Bastard Wave Mechanics Applied to Semiconductor Heterostructures
oretical value reported in Re_ . 9 We should point _ouFt atthe (gition de Physique, Paris, France, 1887
measured value of the strain-induced energy shift is not afiJ. singh, inSemiconductor Optoelectroni¢dcGraw—Hill, New York,
fected by the presence of the polarization field, since polar551995}- . )
ization fields are nearly the same for the GaN-matched and®: ©ngolani, A. Botchkarev, H. Tango, H. MorgoG. Colf', M. Lomas-

L. colo, A. Di Carlo, F. Della Sala, and P. Lugli, Phys. Rev.6B, 2711
Alg 15Ga gsN-matched samples. Moreover, within the (1999,

built-in field correction, the spontaneous polarization term ist®A. Di Carlo, Phys. Status Solidi B17, 703 (2000.
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