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We investigated the origin of radiative recombination igGa, ,As; N, /GaAs quantum wells by
photoluminescencéPL) after picosecond excitation and under a magnetic fiBldContinuous

wave and time-resolved PL show that at low temperaiutecalized states are mainly involved in

the radiative recombination processes. Most importantly, the shift of the PL peak position induced
by B depends dramatically on temperature, being higher at Idw&his result indicates that the PL
emission at low temperature is determined by the recombination of loosely bound electron-hole
pairs in which one carrier is localized by N-induced potential fluctuations, and the other carrier is
delocalized. ©2004 American Institute of Physic§DOI: 10.1063/1.1688003

Recombination from localized states generally domi-ers. Moreover, from an analysis of the magneto-PL data, we
nates emission processes at low temperature in semicondugerived the in-plane effective mass* of the delocalized
tor alloys!~ Local fluctuations in the composition lead to an carrier. The values of* are in good agreement with those
exponential tail of localized states within the crystal forbid- of the in-plane effective mass of heawulight) holes in
den gap-® The preferential occupancy of these low-energyin,Ga, _,As (GaAs.
states by carriers at low is responsible for asymmetric We investigated lfGa ,As; N, /GaAs single QWs
photoluminescencéPL) spectra:*®~a blueshift of the PL  havingx (y)=0.0 (0.016, 0.25(0.011), 0.34(0.007, 0.38
peak energy as the excitation power incredsé$*?a de-  (0.052, and a QW thickness of =9.0, 6.0, 7.0, 8.2 nm,
creasing emission decay time of PL with increasing emissiomespectively. All samples were grown by solid source mo-
energy}®1%1314and an anomalous dependence of the Pliecular beam epitaxy. Continuous waew) PL was excited
maximum energy on temperatut&™'3All these effects are by the 515 nm line of an Af laser or the 532 nm line of a
particularly important in 1pGa _,As;_,N,, a material of vanadate-yttrium aluminum garn@AG) laser, dispersed by
relevance for optoelectronic and solar cell applicatiths. a double 3/4 m monochromator, and detected by a N-cooled
Usually, it is assumed that radiative recombination fromGe detector or by a N-cooled InGaAs linear array. The mag-
states induced by composition disorder is excitonic in naturenetic field 8=0-12 T) was applied parallel to the growth
Very recently, this assumption has been questioned foaxis of the samples. Time-resolvé@iR) PL measurements
GaAs Ny, where the fast rise time~25 ps) of the PL  were performed by using a mode-locked Ti:sapphire laser,
signal was used to establish that radiative recombination ogumped by a cw Af laser, and providing 1.2 ps pulses with
curs between localized electrons and delocalized H8les. 4 repetition rate of 81 MHz. The typical average excitation

Here, we employed time-resolved and magneto-PL specdensity was 10 W/chka The PL was collected, dispersed
troscopy at different temperatures to ascertain the nature @hrough a 25 cm flat field monochromator, and detected by a
radiative recombination in J®a_,As;_yNy/GaAs quan- S1 streak camera with a resolution of 4 ps.
tum wells (QWSs). Localized (delocalized states dominate First, we describe the results of TR PL. Figure 1 shows
the PL spectra at temperatures loweighey than 100 K, as  the PL decay curves for different energies of a 6.0-nm-thick
deduced from power, temperature, and decay time studief,.Ga, ,sAsy sfNoo11 QW at T=10 and 140 K. AtT
We found that the PL rise time is independent of temperature- 10 K, the decay time, decreases from 500 ps to 100 ps
and detection energy, thus not being conclusive about thgith increasing emission energy. This decrease is consistent
origin of the states involved in the emission processes. Th@jith the presence of localized states, mainly on the low-
shift of the PL peak energy induced by a magnetic fid (' energy side of the PL spectra, as reported elsewhépd314
up to 12 T decreases sizably and changes its dependence % remains constant~100 ps) with emission energy at
B from linear to quadratic when going from low to high  — 140 K due to the ionization of carriers from localization
These findings suggest that low temperature PL arises frofanters. The rise times measures how quickly carriers relax
the recombination between localized and delocalized carriptg the states from which they recombine. In Ref. 16, the
very small7g values 25 ps) measured in Gaps,N, ep-
dElectronic mail: polimeni@romad.infn.it ilayers were considered to be inconsistent with the formation

0003-6951/2004/84(13)/2295/3/$22.00 2295 © 2004 American Institute of Physics
Downloaded 23 Apr 2004 to 141.108.20.53. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1688003

2296 Appl. Phys. Lett., Vol. 84, No. 13, 29 March 2004 Polimeni et al.

T T T T

T=30K T=180K _
T=140K - J\ 2
g
=
. L 12T s
E x1 x1 5
: x1.3 8T x1.1 ‘;‘
4
L3
8 x4 4T x13| B
=

x 1.5 O‘T %13

- —~ +1.08 1.13 1.08 1.13

ol % Energy (V)

: £

< | n° 4 .

3 < T=30K 0

zf =

5 180K .o

=] o ® O

= e

= oo B0 - ]
0 4 8 12

B(T)

FIG. 2. Diamagnetic shifftAE; of the PL peak measured in an

INg 256G & 75AS0.08dNp.011 QW at T=30 K (full dots) and T=180 K (open
circles vs magnetic fiel. The dashed curve is a fit to tiie= 180 K data

of a model for 2D Coulombic systems at arbitrary magnetic figRisfs. 19

and 20. The continuous line is a fit to th& =30 K data 8>4T) by
AEy4=(ef/2m})B, wherem? is the in-plane hole effective mass. The inset

. . . . E shows the PL spectra at representative magnetic field values and at different
100 200 300 400 temperatures. Multiplication factors are given. The laser power density is
P=15 mWi/cnt and 20 W/crd for T=30 and 180 K, respectively.

Time (ps)
FIG. 1. (Lower panel Decay curves of photoluminescenceTat 10 K for
an Iy ,6Ga, 74ASo 0sdNoors QW recorded on thea) low-energy side(b) ~ the PL spectra recorded on the same QW used for TR PL
maximum, andc) high-energy side of the cw PL spectrutiupper pangl  (very similar results have been obtained in all N-containing
The same as the lower panel, exceptTor 140 K. samples At T=30 K, the PL line shape shows a long low-
energy tail characteristic of localized state recombination,
and recombination of excitons. A new recombination mechaWhich is absent af =180 K, where emission is dominated

nism was then proposed, where a delocalized hole annihRY free excitons. The diamagnetic shiE, of the PL peak
lates with a localized electrdfi.In our samplesyg is equal ~ €nergy is shown in Fig. 2 as a function Bf for the two
to ~50 ps(estimated as the time elapsed between 10% anfl€asurement temperatures. Since the highest value of the
90% of the PL signal at maximumindependent off and  Magnetic energy in these samples is comparable with the
emission energy. Moreover, on the basis of PL measuremengXciton binding energy, the high data have been fitted for
at a different temperature and excitation power dengit ~ Simplicity purposes by using a model developed by Mac-
shown herg'® the radiative recombination in our Donald and Ritchigdashed line in Fig.)22°This model has
In,Ga _,As; _yN, samples is determined by localized statesbeen derived for two-dimension&2D) Coulombic systems
in a finite number forT<100 K, and by delocalized states at arbitrary magnetic fields, and the exciton effective mass is
for T>100 K. Following the arguments of Ref. 16, one the only fitting parametér The model does not fit the low
would expect an increase in the rise time fbr-100 K.  dependence oAEy on B, which is linear forB>4T. It
However, carrier relaxation becomes fasteamely, 7z de- ~ should be noted that at any value®f AE, is higher at low
creases as T increases due to efficient carrier-phononT than at highT (a factor two forB=12 T). This indicates
interaction'’ No clear variation ofrg with T has been found that at low temperature the recombining electron-hole pair is
in our samples or in those of Ref. 16, whereas a decrease ore loosely bound than axciton either localized or free.
7r has been reported betwedh=4 K (73x~200ps) and Indeed, the interaction of these electron-hole pairs at Tow
room temperaturerg<<50 ps) in Ref. 13. As a consequence, with a magnetic field results in a perturbation stronger than
the rise time alone cannot be considered an unambiguous tespulomb attraction and, therefore, in a greater diamagnetic
of the nature of the states involved in the recombinatiorshift with respect to the exciton case. Before continuing, we
processes. point out that(i) AE4 is independent ofl at high tempera-
The degree of localization and/or confinement of carrierdure where free excitons only contribute to BL(i) AE4
in semiconductor heterostructures can be investigatetheasured at loW decreases when very high power densities
through the dependence of carrier energy levelB@s mea- are employednamely, when free excitons start contributing
sured, for instance, by magneto-BlPreliminary measure- to the PL signgl and (iii) these effects are absent in the
ments show that the shift of the PL peak energy vitlin N-free InGa _,As QWS studied for comparison purposes.
N-containing samples depends on temperatliidere, we On the basis of these observations, the PL emission at
extend those measurements to differentGa ,As, (N, low temperature can be attributed to recombination of a lo-

QWs. The inset in Fig. 2 shows for representat/@alues  calized with a delocalized carriérAs for the charge of the
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show that in InGa,_,As; Ny, radiative recombination at
low T involves localized states. However, no clue about the
excitonic or otherwise nature of these states can be derived
from PL only. Magneto-PL measurements allow probing the
localization degree of recombining carriers at differgng

and indicate that the low- PL emission is due téree holes
recombining with electronbcalizedin N-rich regions.
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FIG. 3. Dependence of the in-plane hole effective mass in
In,Ga _,As,_ N, as a function of the In concentration The dashed lines
are the values of the in-plane lighipper ling and heavy(lower line) hole,
as estimated by using the Luttinger paramet@iBhe inset depicts the re-
combination at low temperature occurring in®# _,As; _yN, in a recip-
rocal space scheme &~0 for B=0T (continuous parabolasand
B=12T (dashed parabolasN indicates the localized level related to
nitrogen.
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