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Spectral and temporal resolution of recombination from multiple
excitation states in modulation-doped AlGaN/GaN multiple quantum
well heterostructures
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Time-resolved photoluminescence measurements of carrier lifetimes in modulation-doped
(100 A) AlLGa,_,N/(100 A) GaN multiple quantum well heterostructures are reported. The
photoluminescencéL) spectrum exhibits several lines associated with recombination of carriers
from multiple excited electron states to the hole ground state. The PL decay times associated with
ground state recombinatioeghy, are found to be much longer than the inverse repetition rate of our
system (20 us) and estimated to be 9 ms. The experimental lifetimes associated with carrier
recombination from excited states vary betweensfor the first excited state;hy, and 4.5 ns for

the fourth excited stateg4hg. These lifetimes are in very good agreement with a self-consistent
calculation of radiative recombination lifetimes which takes into account piezoelectric and
spontaneous polarization. The significant differences in recombination lifetimes are the result of the
large built-in electric field in the wellg0.5 MV/cm). © 2005 American Institute of Physics
[DOI: 10.1063/1.1905785

AlGaN/GaN heterostructures are of great interest for thavas based on a self-consistent Poisson—Schrédinger calcula-
development of optical devices operating in the UV rangeion of the transition energies associated with the recombina-
due to the large band gap of &a _,N extending from 3.4 tion of electrons from five confined states in the conduction
eV (for x=0) to 6.12 eV(for x=1). The photoluminescence band well with ground-state holes in the valence band well.
(PL) properties of these quantum we(ldWs) structures are The calculation also predicted the spontaneous recombi-
significantly influenced by the presence of large built-innation rates are dramatically influenced by the presence of
spontaneous and piezoelectric fiéldswhich result in the the built-in electric fields since the spontaneous recombina-
spatial separation of electron and holes and a large red shifion rate is proportional to the momentum matrix element
of the photoluminescence spectriégquantum confined Stark between the electron and holes states, in the dipole approxi-
effecd. It was recently demonstrated thatype modulation mation. The momentum matrix element in turn is propor-
doped AlGaN/GaN multiple quantum wellQWSs) struc-  tional to the electron and hole envelope function overlap.
tures possess excellent electrical properties such as low re- In this work, we report on time-resolved photolumines-
sistivity, ~a  temperature-independent  free  carriercence studies of the p-type modulation doped
concentration,as well as very well resolved optical emission Al ,Ga gN/GaN MQWs. The time-integrated luminescence
lines® At low temperatures, hole mobilities as high as spectra reproduce the CW data obtained by Waldroal®
36 cn?/V's and carrier concentrations of 80 cm™3 confirming the presence of several distinct and well-resolved
were measured in such structubeghe percentage of acti- peaks in the emission spectrum indicating the high quality of
vated acceptors is very large in these structures because tte quantum wells. Dramatic changes in the relative intensi-
acceptor level in the barrier aligns with the hole energy lev-ies between the features in the spectrum are observed as a
els in the wells. function of the electron concentration inside the wells. Most

Continuous wavéCW) photoluminescence experiments importantly, the radiative lifetimes vary significantly across
on such a p-type modulation doped (100 AAl,, the PL spectrum and are in good agreement with the calcu-
Gay gN/(100 A)GaN MQW structure performed by Waldron lations of Waldronet al.
et al. revealed for the first time several peaks in the PL  The sample under study was the same Ga-faced
spectrum, associated with recombination of electrons fronf\l02Ga gN/GaN MQW structure grown on e-plane sap-

excited states in the GaN quantum wellhis assignment phire substrate by molecular beam epitaxy, used in Refs. 5
and 6. The structure is nominally modulation-dogkdrriers

only) with a Mg level ofNyg=1x 10" cm™ and consists of
20 periods with an equal barrier and well width of 100 A.

dpresent address: National High Magnetic Field Laboratory, Los Alamos
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Electron-hole pair generation rate (cm™ sec’) from 2 ns to 10 ms. The relative intensity between the fea-

FIG. 1. (8) Schematic band diagram for a 100 A AGa N/GaN QW _tures m. the _spectrun_] chan_ges dramatlca”)./ a.S a func'glqn of
structure. Calculations predict the existence of five electron bound states imteg_fat'(?n time, an indication that the rad|at|ye tranS|t_|ons
the conduction band wel(b) Calculated spontaneous radiative recombina- contributing to the PL spectrum are characterized by differ-
tion lifetimes associated with the five electronic bound states in an 100 Aent recombination lifetimes. Integrating over different peri-
Aly,GagN/GaN QW as a function of electron-hole pair generation rate. ods of time after the laser pulse was incident on the sample is
equivalent to performing a CW power study. The carrier con-

ers were grown pseudomorphically on a thick GaN buffercéntration injected in each well is of the order of
g P P y 0'3 cmi?/pulse, which is enough to fully screen the built-in

layer which, in turn, was grown on a nucleation layer and

sapphire substrate, resulting in the presence of a biaxial teff/€ctric field present in the well. Consequently, the PL spec-
sile strain in the barriers. trum sampled immediately after pulsed excitation is domi-

The frequency tripled 800 nm pulsed output of a Coher-”ated by the features associated with recombination of the

ent REGA 9000 regenerative amplifier provided 266 nm ex_few short-lived electrons in the excited states. This is exem-

citation pulses at a repetition rate of 50 kHz. The excitatiorP!ified by the 2 ns spectrum shown in Fig. 2. This spectrum
beam was focused onto the sample placed into a closed cycie Very similar to the high power CW spectrum reported
refrigerator using conventional optics. The PL was coIIectecPreV!OUSW(-3 At longer delay times the spectrum becomes
in the backscattering geometry and spectrally and temporallgom'nated by the recombination of the long-lived electrons
resolved by a ChroMEX 250IS spectrometer equipped with a
Hamamatsu Streak Came@3443 characterized by a 50 ps

N
8

jitter. All measurements were performed at 10 K. _ (b) —356nm/3.49eV
Figure Xa) shows the schematic of the band diagram for §1% g i

the AlGaN/GaN quantum well. The energy bands are tilted £ 400 - 435nm/2.85eV

as a result of the polarization effects. Under these conditions, g ,

electrons and holes are driven towards opposite sides of the PR 1 Y

5 e‘,«,;':%.,{'.‘

quantum well and the overlap of the ground-state wave func- 0

tion is significantly reduced in comparison to the hypotheti- - o 00 ¢ ﬁm(::) -
cal flatband situation. Furthermore, the excited states are less 0 356nm (3.49eV) 384nm (3.23eV)
localized and thus less affected by built-in fields. The wave © A @

function overlap between excited-state electrons and ground-
state holes is considerably larger. The calculated spontaneous
recombination lifetimes, o, corresponding to recombination

of electrons in thenth state(e,, n=0, 1, 2, 3, or 4 and
ground statéh) holes, taken from Ref. 6, are summarized in oo 20 3 40 80 5 1o 15 20
Fig. 1(b). The recombination lifetime associated with the Time(ns) Time(us)
ground state is expected to be at least four orders of magni-

e . - FIG. 3. (a) A streak camera image of the PL spectrum sampled over two
tude Iarger than the lifetime of the fourth excited state WhIChconsecutive 2Qus intervals between pulsegb) Vertical cross section

remains largely unaffected by the built-in polarization. As aihrough the camera image @) at four different energies across the spec-

result, at high excitation intensities, when the number of photrum. (c) PL intensity decay at 3.49 ar(d) 3.23 eV.
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TABLE |. Calculated and measured lifetimes associated with the radiatiqung in Comparison with the inverse repetition rate of our
recombination of an electron on one of five different bound states in thqaser system, all other lifetimes are in good agreement with
conduction band and a ground state hole from the valence band. . ' _ .
the predicted values, confirming that the features observed in
Transition E(eV) Teatoutaiehd) Treasurald) the P.L spegtrum are associated with recombination of elec-
trons in excited states.

3 s 6 . . .

€oho 3.084 9310 >20% 10 In conclusion, time-resolved photoluminescence mea-
ok 3.228 8.2¢10° 4x100 surements performed on @-type modulation doped
eho 3.350 1.1x 107 3x107 . ) o e
ey 3.443 > 1 10°8 1%107 GaN/AlGaN superlattice structure identified several distinct
5 . .

ey 3591 0.1¢ 1079 455107 gmission Iings observed in the RL spectrum. The emiss_,ion

lines are attributed to recombination of electrons occupying

five confined states in the conduction band well with ground-

from the ground state and resembles the low power C\Mtate holes from the valence band well. The radiative recom-

spectrum. bination lifetimes associated with each of the five electronic
In order to obtain a quantitative measure of recombinastates are dramatically different and range from 4.5 ns to

tion lifetimes for each of the bound states in the conductiors>20 us. This large range is attributed to the spatial separa-

band, we analyzed the PL intensity decay at several energig¢i®n of electrons and holes as a result of the built-in electric

across the spectrum, energies which correspond teffte  fields present in the GaN wells.

(n=0, 1, 2, 3, or 4 recombination. Figure (8) represents a

streak camera image of the PL spectrum sample over two This research was in part supported by ANC's NSF

consecutive 2Qus intervals between pulses. This image in- CAREER Grant No. 9733720, ONR YIP Grant No. NOO014-

dicates that, on the low energy side of the spectrum, there af¥0-1-0508, and EFS’s NSF Grant No. ECS-00831.
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