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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
s100 Åd Al xGa1−xN/ s100 Åd GaN multiple quantum well heterostructures are reported. The
photoluminescencesPLd 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 recombination,e0h0, are found to be much longer than the inverse repetition rate of our
system s20 msd and estimated to be 9 ms. The experimental lifetimes associated with carrier
recombination from excited states vary between 4ms for the first excited state,e1h0, and 4.5 ns for
the fourth excited state,e4h0. 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 wellss0.5 MV/cmd. © 2005 American Institute of Physics.
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AlGaN/GaN heterostructures are of great interest fo
development of optical devices operating in the UV ra
due to the large band gap of AlxGa1−xN extending from 3.4
eV sfor x=0d to 6.12 eVsfor x=1d. The photoluminescenc
sPLd properties of these quantum wellssQWsd structures ar
significantly influenced by the presence of large bui
spontaneous and piezoelectric fields1–4 which result in the
spatial separation of electron and holes and a large red
of the photoluminescence spectrumsquantum confined Sta
effectd. It was recently demonstrated thatp-type modulation
doped AlGaN/GaN multiple quantum wellssMQWsd struc-
tures possess excellent electrical properties such as lo
sistivity, a temperature-independent free car
concentration,5 as well as very well resolved optical emiss
lines.6 At low temperatures, hole mobilities as high
36 cm2/V s and carrier concentrations of 2.531018 cm−3

were measured in such structures.5 The percentage of ac
vated acceptors is very large in these structures becau
acceptor level in the barrier aligns with the hole energy
els in the wells.7

Continuous wavesCWd photoluminescence experime
on such a p-type modulation doped s100 ÅdAl0.2

Ga0.8N/ s100 ÅdGaN MQW structure performed by Waldr
et al. revealed for the first time several peaks in the
spectrum, associated with recombination of electrons
excited states in the GaN quantum well.6 This assignmen
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was based on a self-consistent Poisson–Schrödinger ca
tion of the transition energies associated with the recom
tion of electrons from five confined states in the conduc
band well with ground-state holes in the valence band w

The calculation also predicted the spontaneous reco
nation rates are dramatically influenced by the presen
the built-in electric fields since the spontaneous recom
tion rate is proportional to the momentum matrix elem
between the electron and holes states, in the dipole app
mation. The momentum matrix element in turn is prop
tional to the electron and hole envelope function overla

In this work, we report on time-resolved photolumin
cence studies of the p-type modulation dope
Al0.2Ga0.8N/GaN MQWs. The time-integrated luminesce
spectra reproduce the CW data obtained by Waldronet al.6

confirming the presence of several distinct and well-reso
peaks in the emission spectrum indicating the high quali
the quantum wells. Dramatic changes in the relative inte
ties between the features in the spectrum are observed
function of the electron concentration inside the wells. M
importantly, the radiative lifetimes vary significantly acr
the PL spectrum and are in good agreement with the c
lations of Waldronet al.

The sample under study was the same Ga-f
Al0.2Ga0.8N/GaN MQW structure grown on ac-plane sap
phire substrate by molecular beam epitaxy, used in Re
and 6. The structure is nominally modulation-dopedsbarriers
onlyd with a Mg level ofNMg=131019 cm−3 and consists o
20 periods with an equal barrier and well width of 100
This width was chosen in order to minimize the effectsl:

growth irregularities and alloy scattering. The epitaxial lay-
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ers were grown pseudomorphically on a thick GaN bu
layer which, in turn, was grown on a nucleation layer an
sapphire substrate, resulting in the presence of a biaxia
sile strain in the barriers.

The frequency tripled 800 nm pulsed output of a Co
ent REGA 9000 regenerative amplifier provided 266 nm
citation pulses at a repetition rate of 50 kHz. The excita
beam was focused onto the sample placed into a closed
refrigerator using conventional optics. The PL was colle
in the backscattering geometry and spectrally and tempo
resolved by a ChroMEX 250IS spectrometer equipped w
Hamamatsu Streak CamerasC3443d characterized by a 50
jitter. All measurements were performed at 10 K.

Figure 1sad shows the schematic of the band diagram
the AlGaN/GaN quantum well. The energy bands are t
as a result of the polarization effects. Under these condit
electrons and holes are driven towards opposite sides o
quantum well and the overlap of the ground-state wave f
tion is significantly reduced in comparison to the hypoth
cal flatband situation. Furthermore, the excited states ar
localized and thus less affected by built-in fields. The w
function overlap between excited-state electrons and gro
state holes is considerably larger. The calculated sponta
recombination lifetimestn,0, corresponding to recombinati
of electrons in thenth statesen, n=0, 1, 2, 3, or 4d and
ground statesh0d holes, taken from Ref. 6, are summarize
Fig. 1sbd. The recombination lifetime associated with
ground state is expected to be at least four orders of m
tude larger than the lifetime of the fourth excited state w
remains largely unaffected by the built-in polarization. A

FIG. 1. sad Schematic band diagram for a 100 Å Al0.2Ga0.8N/GaN QW
structure. Calculations predict the existence of five electron bound sta
the conduction band well.sbd Calculated spontaneous radiative recomb
tion lifetimes associated with the five electronic bound states in an 1
Al0.2Ga0.8N/GaN QW as a function of electron-hole pair generation ra
result, at high excitation intensities, when the number of pho-
Downloaded 14 Apr 2005 to 128.165.117.162. Redistribution subject to AIP
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togenerated electrons is large enough to occupy the hi
energy states in the quantum well, transitions between
cited electron states and ground-state holes be
observable.

Figure 2 presents a series of time-integrated PL sp
from the sample under study for integration times ran
from 2 ns to 10 ms. The relative intensity between the
tures in the spectrum changes dramatically as a functio
integration time, an indication that the radiative transit
contributing to the PL spectrum are characterized by di
ent recombination lifetimes. Integrating over different p
ods of time after the laser pulse was incident on the sam
equivalent to performing a CW power study. The carrier c
centration injected in each well is of the order
1013 cm−2/pulse, which is enough to fully screen the buil
electric field present in the well. Consequently, the PL s
trum sampled immediately after pulsed excitation is do
nated by the features associated with recombination o
few short-lived electrons in the excited states. This is ex
plified by the 2 ns spectrum shown in Fig. 2. This spect
is very similar to the high power CW spectrum repo
previously.6 At longer delay times the spectrum becom
dominated by the recombination of the long-lived elect

FIG. 3. sad A streak camera image of the PL spectrum sampled ove
consecutive 20ms intervals between pulses.sbd Vertical cross sectio
through the camera image insad at four different energies across the sp

n

FIG. 2. Time-integrated PL spectra from the sample under study for
gration times ranging from 2 ns to 10 ms.
trum. scd PL intensity decay at 3.49 andsdd 3.23 eV.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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from the ground state and resembles the low power
spectrum.

In order to obtain a quantitative measure of recomb
tion lifetimes for each of the bound states in the conduc
band, we analyzed the PL intensity decay at several ene
across the spectrum, energies which correspond to theenh0
sn=0, 1, 2, 3, or 4d recombination. Figure 3sad represents
streak camera image of the PL spectrum sample over
consecutive 20ms intervals between pulses. This image
dicates that, on the low energy side of the spectrum, ther
still electrons left in the conduction band when the next p
is incident on the sample. For this low-energy state, the
times are considerably longer than the time interval betw
two excitation pulses. A vertical cross section through
camera image at four different energies across the spe
fFig. 3sbdg indicates the decay is nonexponential with a c
ponent much longer than the repetition rateswhich manifest
itself through the constant background measured at low
ergiesd. On the high energy side of the spectrum, the
times are shorter as illustrated in Figs. 3scd and 3sdd. A com-
parison between these lifetimes and the correspon
theoretical estimates at energies associated with theenh0
transitions is presented in Table I. With the exception of
lifetime of the electrons in the ground state, which is

TABLE I. Calculated and measured lifetimes associated with the rad
recombination of an electron on one of five different bound states i
conduction band and a ground state hole from the valence band.

Transition EseVd tcalculatedssd tmeasuredssd

e0h0 3.084 9.3310−3 @20310−6

e1h0 3.228 8.2310−6 4310−6

e2h0 3.350 1.1310−7 3310−7

e3h0 3.443 2.1310−8 1310−7

e4h0 3.521 9.1310−9 4.5310−9
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long in comparison with the inverse repetition rate of
laser system, all other lifetimes are in good agreement
the predicted values, confirming that the features observ
the PL spectrum are associated with recombination of
trons in excited states.

In conclusion, time-resolved photoluminescence m
surements performed on ap-type modulation dope
GaN/AlGaN superlattice structure identified several dis
emission lines observed in the PL spectrum. The emis
lines are attributed to recombination of electrons occup
five confined states in the conduction band well with grou
state holes from the valence band well. The radiative re
bination lifetimes associated with each of the five electr
states are dramatically different and range from 4.5 n
@20 ms. This large range is attributed to the spatial sep
tion of electrons and holes as a result of the built-in ele
fields present in the GaN wells.
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