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Optical properties of heavily doped GaN(Al,Ga)N multiple quantum wells grown
on 6H-SiC(000)) by reactive molecular-beam epitaxy
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We study, both experimentally and theoretically, the influence of polarization-induced electric fields on the
optical properties of heavily doped 7108 cm™3) GaN/Al,Ga)N multiple-quantum-well structures. To in-
vestigate the impact of the strain state on the transition energy, these heterostructures are deposited on either a
GaN or an(Al,Ga)N relaxed buffer layer. Furthermore, we show that the recombination dynamics in these
heavily doped multiple quantum wells is still controlled by residual electric fields, contrary to the common
assumption that flatband conditions are established at this doping level.

Recently, strong polarization-induced electrostatic fieldsof the MQW'’s is below the critical thickness and hence ei-
have been found to lead to unusual optical and electricather the A} 1:Ga g\ barrier layers or the GaN QW'’s are
properties of GaNAI,Ga)N multiple quantum wells strained. We study the optical properties of these structures
(MQW’s).?In fact, even the optical properties of unstrainedpy both stationary and time-resolved photoluminescence and
GaN guantum well$QW’s) can only be explained by strong compare our findings with the results of self-consistent
electric fields in the wells, which can be attributed to theSchr"cdinger-Poisson calculations. Commonly it is assumed
interplay of polarization-induced electric fields in the well that nigh-carrier densities screen polarization fields effec-
and barrier layers due to the alignment of the Fermi IéV@I'tively, so that flatband conditions are establish&tie dem-

The electric field within the QW's leads to a quantum- ghqpate that this assumption is too naive. First of all, with
confined Stark effectQCSB of the QW emission, which ;. 0a5ing doping level we may only approach the band pro-

thus can fall well b_elow the bulk band-gap energy. Due tof|Ie of a very heavily doped heterostructure, but not that of an
the spatial separation of the electron and hole wave func- . L
. X - undoped and field-free structure which is commonly taken to
tions, the oscillator strength of these transitions may become " .

represent flatband conditions. Electrons thus persist to be lo-

many orders of magnitude smaller than under field-free con-"". . . . .
ditions. This fact has important consequences for the optica!2€d Up to very high doping levels at the potential spikes
properties of nitride-based light-emitting diodes and lasers. c'€ated by electron accumulation and depletion zones, re-
Piezopolarizationis generated in noncentrosymmetric SPECtively, which are inevitably linked to heavy doping. Sec-
crystals via external stress induced, e.g., by coherent growtPd. the transition energy for thick wells may approdott
of materials with dissimilar lattice constants. The sign of thenever reachthe (not-renormalizegibulk gap energy for in-
piezopolarization depends on both the polarity of the crystafermediate to high doping levels due to the interplay of
and on the sign of the strain, i.e., whether it is compressivécreening and band-gap renormalization. Finally, we show
or tensile.Spontaneous polarizatiois created by the singu- that the strain state of the QW's—unstrained for the GaN
lar polar axis of the wurtzite structure. The sign of the spon-buffer, and compressively strained for tt#d,Ga)N buffer—
taneous polarization only depends on the polarity of thealone has little impact on the electric fields.
layer. For group-lll nitrides, both piezopolarization and  Growth is carried out in a custom-designed two-chamber
spontaneous polarization constants have been calculaté@olecular-beam-epitaxyMBE) system equipped with con-
theoretically? At the interface of two materials with different ventional Ga and Al effusion cells and an unheated;§bis
net polarizations, the surplus of polarization charges creatgsjector. The as-received6-SiC(000]) substrates from Cree
fields up to 5 MV/cm, as long as the potential drop across th&esearch(on-axis Si face are etchedex situ by H, at
c axis of the layer is lower than the band gapor the GaN/ 1600 °C for 20 min to remove the polishing scratches and the
(Al,Ga)N material system, the individual contributions of pi- damage layer present on these substrates. Details of the
ezopolarization and spontaneous polarization to the totggrowth conditions can be found in Ref. 7. For doping, we
field are roughly equal. deactivate the NHlfilter, resulting in background electron
In this paper, we investigate the influence of the strainconcentrations of ¥ 10'8cm™3 [as determined by Hall mea-
state on the polarization fields and their screening by heavgurements of GaN reference layers grown on semi-isolating
doping in GaN(Al,Ga)lN MQW's. Two sets of heavily 4H-SiC(0001] due to the incorporation of O from residual
doped (7 10*¥cm~3) GaN/Aly ;:Ga gN MQW's (15 peri-  moisturé contained in NH. In contrast to Si doping, this
ods with well thicknesses ranging from 1.5 to 7.5 nm areprocedure has the advantage of being highly reproducible,
grown under the same conditions onuir-thick GaN and since O is incorporated at its solubility limit. After growth,
Al 1:Gay gN buffer layers, respectively. The total thickness the MQW structures are characterized by several techniques.
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FIG. 1. @-20 scan of a 15-period7.5 nm GaN(14.6 nm WELL THICKNESS (nm)

Alo 1858.5N MQW structure(open symbols Note the sharp su- FIG. 2. Thickness-dependent shift of the PL maximum for un-
perlattice reflections and the excellent fit by dynamical diﬁraCtionstrained(circles and compressively straingdquares wells com-
theory(solid line). The cross-sectional TEM micrograghse) of a pared to undoped QWlashed ling The solid lines are a guide to
parF of the multilayer structure reveals microscopically abrupt het-the eye. The emission energies of the, AGa s barriers are
erointerfacesRef. 9. plotted at zero well thickness. The inset shows the spectra of a thin
(2.3 nm and a thick(5.4 nm unstrained GaN QW.
X-ray diffractometry(XRD) w-20 scans recorded in triple-
crystal 'corjﬁguration are used for determining the t'h'icknesset%\,een unstrained and compressively strained QW’s, which is
of the individual layers as well as the Al composition. The, agreement with the theoretical value for the increase of the
latter is kept constant for all structures and found by theggn gap under a compressive biaxial straintd.4%2° In
x-ray measurements to be 0:48.01. Transmission electron tact the difference in polarization field strength between
microscopy(TEM) is carried out with a JEOL 4000EX op- qw's under this strain state and unstrained QW’s is pre-
erating at 400 kV. The optical properties ®K are studied {icted to be only about 3%.
by continuous-wavécw-PL) and time-resolvegps-PL) pho- Figure 3 shows the PL transients for unstrairfedand
toluminescence spectroscopy, employing tr_\e 325-_nm I|ne_ Oéompressively strained GaN QWi&). For the same well
a 50-mW He-Cd laser and a frequency-tripled Ti:sapphirgnicknesses, the decay times are comparable for both strain
laser with a pulse width of about 400 fs and a repetition rateiates. While the decay times for the thin QW’s are within
of 76 MHz for excitation, respectively. expectation300—400 p§ the long decay time€—4 ng for
Figure 1 shows an«-20 scan of one of the the thick QW’'s come as a surpristhe decay times of the
GaN/Al 15Gay e\ MQW's on a GaN buffer layer. Intense thickest QW’s are too long to be measured with our setup,
and sharp superlattice peaks Siif) up to second order are \yhjch is why they are excluded from our analysis fact, a
observed, as well as Pendaiimg fringes in the vicinity of  complete screening of the fields should result in decay times
the GaN0002 reflection, indicating a high periodicity and pasically independent of the well width. Even incomplete
abrupt heterointerfaces. Indeed, this presumption is conscreening is intuitively expected to result in a drastic increase
firmed by TEM (see the inset of Fig.)1Fits to the experi-  of glectron-hole overlap, and thus in an equally drastic re-
mental x-ray data based on dynamic diffraction the@olid  guction of carrier lifetime. Note that these experiments are

line) allow us to accurately determine the structural paramyone within the small-signal regime<(10'” cm™3), so that a
eters, namely the Al content (0.2%.005) and the well

(7.5+0.15nm) and barrier (1460.15nm) thicknesses.

The agreement between simulation and experiment shows 10't @  unshained wels | 10'} @) strained wells

the excellent structural quality of the sample.
The transition energies of unstrained and compressively 2

strained GaN QW'’s with different well thickness are com- 5§ 10%

piled in Fig. 2. The inset shows the PL spectra of two g

MQW’s grown on a GaN buffer(due to stress-induced S |

cracks, PL from the GaN buffer is seen at 3.467).eNs %10“

expected, the emission of the thin wells5 and 2.3 nmis ﬁ

strongly blueshifted with respect to the bulk GaN band gap £ |

due to the quantum confinement. Thicker w&Bs4 nm do ]0-2

emit slightly below the bulk GaN band gap, suggesting that ‘

00 05 10 00 05 )

the internal fields are not screened completely despite the TIVE (hs) TIVE (hs)

high doping level. The residual fields amount to about half of
the theoretical value of 1.58 MV/cm for zero doping density  FIG. 3. PL transients of GaN/fhGa, N MQW's with various
(dashed ling A rigid shift of 30+10meV is observed be- well widths for unstraineda) and compressively straingt) wells.
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TABLE |I. Parameters used for the self-consistent calculations of 3.7
GaN/Aly 165, gN MQW's 3 !
5 3ofF
Parameter GaN AhsGap g g [
gt
E4 (eV) 35 3.74 A
n (cm 9 7X 108 7x 108 2 34l
€4, (CIP) —0.49 ~0.506% 2
e45(CIMP) 0.7% 0.839% E 4ab
Ps,(C/MP) —0.02¢ —0.0368 e
C13(GPa) 108 104 > O 5x1018
C43(GPa) 408 400P 5 .t "
€ 9.77 9.58 g 10%
Me /Mg 0.2 0.22 e 110"
my,/mg 1.0 1.0 é 101-
AEC/AE, 70/30 g O¢ 21019
Q 1x10%
3Bernardiniet al. (Ref. 5. s MY
bwright (Ref. 11). T s 4 5 6 7 8
WELL THICKNESS (hm)

dynamic screening of the internal electric fields is not to be _ : .
expected. In fact, the PL lines do not exhibit spectral diffu-" |G- 3 Well thickness and doping density dependenceofran-

sion, nor does their temporal behavior depend on excitatio ition energy andb) reciprocal electron-hole overlap for unstrained
denéity W’s. Note the agreement with the experimédaircles for the

. . .measured carrier concentration ok20'® cm™2. The measured
For a more qu’intItatl\(e treatment concerning the Magnizarrier lifetimes(b) are normalized by a constant factor assuming
tude (_)f the rgsudual f|eld§, we perform _self—cons!stentTnT>TT for the well thickness ofL.5 nm.

Schralinger-Poisson calculations using the piezoelectric and
spontaneous polarization constants from Ref. 5. All param-

eters used for the simulations are listed in Table I. Thes@utside of the depletion width for the doping level under
calculations include the correction of the transition energy byconsideration. Note, however, that undoped MQW'’s may ex-
the exciton binding enerd¥in the case of electron densities Perience an inhomogeneous field distribution to a depth of
below the Mott transition, and band-gap renormalization duéeveral 100 nm.

to many-body effects in high-density electron gases above The self-consistently calculated band-edge profiles and
the Mott transition. The latter effect is estimated by first- Subband wave functions of unstrained 5-nm GaN QW's for
order perturbation theory of the electron-electron exchang#arious doping densities are plotted in Fig. 4. Evidently, the
energy. Concerning the Comparison of experiment and SimLﬁlectron wave function perSiStS to be localized at the upper
lation, the following consideration is worth noticing. Regard- GaNAALGa)N interface up to electron concentrations of
less of the position of the Fermi level at the surface, it isabout 16°cm™, resulting in a strong reduction of the

obvious that the MQW experiences a superimposed deple-

tion field, influencing those QW'’s being in the close vicinity F
of the surface. The altered band-edge alignment in these [ “flat-band”: 26%
QW’s gives rise to different transition energies and thus con- 1 nm
tributes to a broadening of the total PL line. In our calcula- > | 2nm
tion, we neglect this phenomenon, and give instead the tran- % 0 Farm
sition energy(and overlapfor the third QW which is already O .
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FIG. 6. Doping and thickness dependence of the internal quan-
FIG. 4. Band profiles of a [(5nm)GaN/(8 nm) tum efficiency for unstrained QW's. The “flatband” quantum effi-
Alg1:GaygN]i5 MQW for carrier concentrations of(a) 1 ciency was set arbitrarily to 26%. The nonradiative contribution is
x10%cem ™3, (b) 1x10%°cm 3, and (¢) 1xX10% cm 3. Note the  assumed to be independent of well thickness and doping. Note the
residual potential spike for a concentration of 10?°°cm™3, local- strong dependence of the quantum efficiency on well thickness even
izing the electron wave function. for doping levels in the regime of cm™3.
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electron-hole overlap and thus in an increase of the radiativeadiative recombination will reduce the internal quantum ef-
lifetime. Only for electron concentrations in the regime of ficiency »=(1+r,/7,) ! (where r, and r,, are the radia-
10* cm ™2 does the band profile become almost symmetricative and nonradiative lifetime, respectivielyoughly in
and the electron wave function shifts into the center of theyroportion to the radiative lifetime. In fact, in our experi-
well, thus maximizing the overlap. Still, even at the highestments the ratio between the PL intensity at 300 and 4 K
doping levels we never reach flatband conditions, i.e., thgharply decreased with increasing well thickness. This de-
band profile of an undoped and field-free structure. crease of quantum efficien¢fig. 6) results, for example, in
Figure 5 displays a comparison of our experimental dat& decreasing luminous efficiend of light-emitting diodes

with the calculated transition energies and re_ciprocakpw,?) and in an increase of the threshold current defity
electron-hole overlap as a functions of the well width forjth in injection lasers j~ 7 1).

various electron concentratiorisnly the case of unstrained In summary, we have shown that the strain state of the
wells is showp. As seen in Fig. &), the transition energy  GaN well in MQW's alters the piezoelectric fields only
initially increases with doping due to screening, but thengjightly. Furthermore, while the transition energy in heavily
decreases again due to band-gap renormalization. At intefiopeq structures may suggest that complete screening is
mediate doping levels, the transition energy for thick wells isychieved, the recombination dynamics is still severely af-
coincidentally quite close to the unrenormalized bulk bandgteq up to carrier concentrations o246m3. Carriers are
gap. While this finding may f}‘iggeSt an essentially completg,calized at the potential spikes created by electron accumu-
screening of the internal fielas, the corresponding PL de- |ation and depletion zones, respectively, which are inevitably
cay times[Fig. 5b)] still increase with well thickness at |inked to heavy doping. The reduced electron-hole overlap

these carrier densities. This fact demonstrates that theaqys to a significant reduction of the internal quantum effi-
electron-hole overlap is reduced up to very high doping 'eV'ciency and therefore emitter performance.
els, as indicated in Fig. 4.

This reduction in electron-hole overlap will of course not We acknowledge financial support by the Volkswagen-
matter in ideal structures with an internal quantum efficiencyStiftung. The authors thank M. Reiche for x-ray measure-
of unity.X®> However, the situation is different provided that a ments, H. von Kiedrowski for SiC etching, H.-P. Scherr
nonvanishing nonradiative recombination channel existsfor assistance in MBE technology, and G. Apostolopoulos
which can safely be assumed for GaN-based structures. Nofer invaluable help with the XRD simulation.

1A, Hangleiter, J. S. Im, H. Kollmer, J. Off, and F. Scholz, MRS 8W. Kim, A. E. Botchkarev, A. Salvador, G. Popovici, H. Tang,

Internet J. Nitride Semicond. Re3,. 15 (1998. and H. Morkag J. Appl. Phys82, 219(1997.

2H. S. Kim, J. Y. Lin, H. X. Jiang, W. W. Chow, A. Botchkarev, °As a result of the improved substrate preparation, the dislocation
and H. Morkg¢ MRS Internet J. Nitride Semicond. Re¥S1), density estimated from plan-view micrograpin®t shown here
G3.3(1999. is below 13 cm 2. This result is confirmed by the linewidths of

SR, Langer, J. Simon, V. Ortiz, N. T. Pelekanos, A. Barski, R.  x-ray rocking curves which are found to be 200 and 750 arcsec
Andrg, and M. Godlewski, Appl. Phys. Let74, 3837(1999. for symmetric and asymmetric reflections, respectively.

4F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev58 10p Waltereit, O. Brandt, A. Trampert, M. Ramsteiner, M. Reiche,
R10024(1997. M. Qi, and K. H. Ploog, Appl. Phys. Let#4, 3660(1999.

SF. Bernardini and V. Fiorentini, Phys. Rev.5, R9427(1998.  'A. F. Wright, J. Appl. Phys82, 2839(1997).

°F. Della Sala, A. Di Carlo, F. Bernardini, V. Fiorentini, R. ?R. P. Leavitt and J. W. Little, Phys. Rev.42, 11 774(1990; P.
Scholz, and J.-M. Jancu, Appl. Phys. Lét, 2002(1999. Peylaet al, ibid. 52, 12 026(1995.

’A. Thamm, O. Brandt, Y. Takemura, A. Trampert, and K. H. ¥S.-H. Park, S.-L. Chuang, and D. Ahn, Appl. Phys. L@§, 1354
Ploog, Appl. Phys. Lett75, 944 (1999. (1999.



