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We studied the spatial localization of excitons bound to nitrogen (N) pairs in N d-doped GaAs

to make clear origin of bound exciton lines. An extremely high uniformity of the

emission wavelength was achieved for the exciton bound to the N pairs because of the uniform

strain field in the N d-doped layer fabricated in the (001) plane in the atomically controlled way.

The magneto-photoluminescence spectra in the Faraday configuration showed a mixing of the

bright- and dark-exciton components in the exciton fine structure and diamagnetic shift. The spatial

distribution of the excitons localized at different N pairs was estimated using the diamagnetic shift

coefficient and confirmed by the radiative lifetime of the bright-exciton component. According to

the estimated spatial distribution of bound-exciton wave function, it was found that the exciton

for the 1.444-eV line is localized stronger than that for the 1.493-eV line. The strong electron

confinement for the 1.444-eV line results in the reduction of exciton-phonon interaction. VC 2011
American Institute of Physics. [doi:10.1063/1.3654015]

I. INTRODUCTION

The optical and electronic properties of dilute nitride

alloys are drastically modified by the interaction between the

host-material conduction-band edge and nitrogen (N)-related

defect levels.1–3 In particular, the electronic states created by

N substitution in Ga(In)As have been attracting considerable

interest both from a fundamental perspective4–8 and their

potential device applications such as long-wavelength laser

diodes,9–13 low-noise avalanche photodetectors,14 and multi-

band solar cells.15 These important applications can be real-

ized by using properties of the strongly localized states in the

infrared region. It is noted that the electronic states sensi-

tively depend on the N configurations and their homogene-

ity.16 Generally, N in GaAs exhibits surprisingly various

configurations with their own electronic states. Therefore,

the distribution of N configurations and their energy level

play a key role in determining the detailed electronic proper-

ties such as the effective mass and g factor of dilute nitride

alloys.16 Unfortunately, there has been no way how do we

control the N configurations and their energy level of dilute

nitride alloys until we reported in Ref. 17.

On the other hand, in the impurity limit, N atoms act

as isoelectronic traps below the conduction-band edge in

Ga(In)As (Refs. 17–21) and GaP.22–25 The emission wave-

length of exciton bound to the isoelectronic trap is uniquely

determined by a combination of the host material and the

impurity centers. The energy levels of the N-pair centers in

GaP are well known,22,23 whereas the origin of those in

GaAs is unclear; Makimoto et al. assigned the bound exciton

lines with N pairs based on the emission wavelength.26 How-

ever, it has been shown by empirical pseudopotential calcu-

lations that the energy levels created by the N pairs exhibit

nonmonotonic dependence on the pair distance.27 Therefore,

the distribution of N-pair levels plays a key role in determin-

ing the emission wavelengths in the impurity limit.

Recently, we developed a site-controlled N d-doping

technique using molecular beam epitaxy (MBE) (Ref. 17)

and studied the fine structure splitting of excitons bound to

the N-pair centers in GaAs.28,29 The linearly polarized exci-

ton fine structure was induced by the electron-hole exchange

interaction and local-strain field of the C2v symmetry.28

Because the d-doping technique restricts the N-pair forma-

tion on the growth surface, only two bound exciton lines at

1.444 and 1.493 eV were observed in N d-doped GaAs.17,28

This result indicates that the formed N pairs are extremely

uniform, which is expected to enable us to understand the

bound states in detail. Furthermore, the specific emission

wavelengths are advantage for the realization of solid-state

photon sources. In this paper, we report on the spatial local-

ization and uniformity of excitons bound to N pairs in N

d-doped GaAs. The degree of exciton localization was esti-

mated according to the diamagnetic shift and radiative life-

time. An estimation of the degree of exciton localization is

essential for understanding the exciton and biexciton states

in N d-doped GaAs.17,29

II. SAMPLE AND EXPERIMENT

The sample was grown by MBE using As2 molecular

beams on (001) semi-insulating GaAs substrate after a

GaAs-buffer layer. Before the N doping, a 300-nm-thick

Al0.3Ga0.7As and 50-nm-thick GaAs layers were grown. The

As flux was 3.0� 10�6 Torr. The N doping has been per-

formed on the (2� 4)a surface by using active N species cre-

ated in a radio-frequency plasma source from ultrapure N2

gas.17 The gas-flow rate was 0.37 ccm. During the N doping,

the As shutter was not closed. After a growth interruption ofa)Electronic mail: y.harada@eedept.kobe-u.ac.jp.
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120 s, a 50-nm-thick GaAs, 100-nm-thick Al0.3Ga0.7As, and

10-nm-thick GaAs-capping layers were grown. The 100-nm-

thick active layer of GaAs:N was sandwiched between

Al0.3Ga0.7As barrier layers to achieve efficient carrier cap-

ture into the N-pair centers.29 This N d-doping technique

fabricates specific N pairs utilizing the atomic ordering on

the (001) surface of GaAs.17,28,29 The sheet density of the N

pairs estimated by photoluminescence (PL) imaging was

approximately 0.6 lm�2.

Linearly polarized magneto-micro-PL measurements

were carried out using a continuous-wave laser beam

(k¼ 484 nm) at 4.4 K. A magnetic field was applied in the

[001] direction in the Faraday configuration. The PL was dis-

persed in an 850-mm double monochromator and detected

using a liquid-N2-cooled Si-charge coupled device array.

The resolution limit of our spectroscopy system was approxi-

mately 12 leV. The PL decay time was measured using a

time-correlated single-photon counting method at 4.4 K. The

excitation source was a modulated pulse laser (k¼ 484 nm,

pulse duration: 30 ns, and repetition rate: 4 MHz). The PL

was dispersed in a 220-mm double monochromator and

detected by a time-to-amplitude converter system with the

use of an air-cooled GaAs photomultiplier. The spectrum

and time resolution limit of our setup were approximately

0.9 meV and 1 ns, respectively.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical macro-PL spectrum at

T¼ 3.2 K and Pexc¼ 0.06 W/cm2. Sharp emission lines at

1.444 and 1.493 eV can be observed, as indicated by the

arrows. The origin of these lines was the N pairs according

to the linear polarization characteristics of the exciton fine

structure.17,28,29 The broad background luminescence below

1.5 eV might have resulted from the defect levels of the

GaAs capping layer after N d doping. Figures 1(b) and 1(c)

show the exciton fine structures of the 1.444- and 1.493-eV

lines, respectively, for different observation areas at T¼ 4.4 K

and Pexc¼ 0.5 W/cm2. The N-pair numbers estimated by the

PL imaging measurement were 600, 20, 3, and 1 from the top

spectrum. The 1.493-eV line shows the four exciton fine struc-

ture, as indicated by the solid arrow, which was expected for

the exciton bound to the N pair formed in the growth

plane.24,28,29 On the other hand, the 1.444-eV line shows an

additional fine structure at the high-energy side, as indicated

by the dotted arrow.29 This result indicates that the N pair for

the 1.444-eV line was not entirely aligned in the growth plane,

which would be because of the diffusion of N atoms. In

addition, these fine structures exhibited a Lorentzian-like line

shape rather than a Gaussian-type structure despite the fact

that we observed an ensemble of the luminescence. The ho-

mogeneous and inhomogeneous line widths were estimated

to be approximately 70 and 15 leV, respectively, according

to a pseudo-Voigt function fitting procedure30 for the top

spectrum of the 1.444-eV line (NNN� 600). This result

showed the extremely high uniformity of the emission wave-

length of the bound exciton in N d-doped GaAs. The uni-

formity of the emission wavelength would result from the

uniform strain field in the N d-doped layer as compared to

for conventional dilute N-doped GaAs21 so that the N d-dop-

ing technique is considered to be suitable for suppressing the

distribution of N-pair levels. The N d-doping technique ena-

bles the bandgap engineering.31 Therefore, the controlled N

levels in N d-doped GaAs would monotonically change the

electronic properties, such as the effective mass and g factor,

with increasing the amount of N for the device applications,

because the random distribution of N atoms is the origin of

the nonmonotonic dependence in conventional dilute

N-doped GaAs.16 Besides, the 1.444-eV line has nearly per-

fect Lorentzian line shape, whereas the 1.493-eV line has

slightly asymmetric line shape as shown in Figs. 1(c) and

2(b). The asymmetric line shape of the 1.493-eV line with a

larger intensity on the low-energy side would result from

the different spatial localization of bound excitons between

the 1.444- and 1.493-eV lines, as we discuss later. Because

the effect of inhomogeneous broadening can be neglected,

we focus on the luminescence from an ensemble of excitons

bound to the N pairs.

Figures 2(a) and 2(b) show the magneto-PL spectra of

the 1.444- and 1.493-eV lines, respectively, at T¼ 4.4 K and

Pexc¼ 0.34 W/cm2. The magnetic field was applied along

[001]. The solid and dotted lines are the results for the [110]

and [–110] polarizations, respectively. The bottom panels

show the magnetic-field evolution of the PL-peak energies,

which were extracted using a Lorentzian multipeak fitting

procedure. The solid and open circles are the PL lines

observed for the [110] and [–110] polarizations, respectively,

at the zero magnetic field. In Fig. 2(b) for the 1.493-eV line,

the exciton fine structure shows four signals observed in both

FIG. 1. (a) Typical macro-PL spectrum of N d-doped GaAs at T¼ 3.2 K

and Pexc¼ 0.06 W/cm2. (b) and (c) are exciton fine structure of the 1.444-

and 1.493-eV lines, respectively, for different observation area at T¼ 4.4 K

and Pexc¼ 0.5 W/cm2. The N-pair numbers estimated by the PL imaging

measurement were 600, 20, 3, and 1 from the top spectrum.
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polarization directions in the high magnetic fields. This

result shows the mixing between the exciton fine structures

with orthogonal linear polarization components at the zero

magnetic field.32 On the other hand, in Fig. 2(a) for the

1.444-eV line, the exciton fine structure consists of more

than four signals. The squares (short arrows) indicate unex-

pected PL lines in the C2v symmetry in the [110] direction as

shown in Fig. 1(b). The clear anticrossing behavior observed

at �1.4434 eV at around 3 T indicates the mixing of the

bright- and dark-exciton components induced by the Zeeman

interaction. The mixing of these bright- and dark-exciton

components also suggests that the N pair for the 1.444-eV

line was not aligned in the growth plane.

The quadratic shift in energy of the exciton emission with

an applied magnetic field gives information about the effects

of confinement and the Coulomb interaction.33 Figure 3 shows

the magnetic field evolution of the average energy, DEave, of

the 1.444- and 1.493-eV lines. DEave was defined by the aver-

age energy of the exciton fine structure indicated by the solid

and open circles in Fig. 2. The diamagnetic shift coefficients

for the 1.444- and 1.493-eV lines were estimated using the

solid symbols to avoid the effect of the unexpected PL lines in

the C2v symmetry in the [110] direction. The diamagnetic shift

coefficients for the 1.444- and 1.493-eV lines were estimated

to be 1.53 6 0.05 and 1.89 6 0.02 leV/T2, respectively. The

diamagnetic shift coefficient of 1.89 leV/T2 for the 1.493-eV

line is comparable to that of 1.99 leV/T2 for the 1.509-eV

line observed in dilute N-doped GaAs.34 These values are

smaller than the values of 8–25 leV/T2 for fluctuation-

induced GaAs/Al0.3Ga0.7As quantum dots (QDs),35,36

6 leV/T2 for self-assembled GaAs/Al0.3Ga0.7As QDs,37 and

7–11 leV/T2 for self-assembled InAs/GaAs QDs38 because of

the strong electron confinement caused by the N isoelectronic

trap. Generally, in self-assembled QDs, the splitting energy

between the bright excitons is mainly determined by the long-

range exchange interaction.39 On the other hand, the observed

small diamagnetic shift coefficients both indicate that the

short-range exchange interaction and local strain field play key

roles in N d-doped GaAs.

The diamagnetic shift coefficient cX is expressed as33

cX ¼
e2hr2

Xi
12lX

; (1)

where e is the elementary charge, lX is the exciton reduced

mass, and r2
X

� �
is the exciton wave-function mean-square ex-

pectation value. According to Eq. (1), the exciton reduced

mass and exciton wave-function mean-square expectation

value for the 1.444-eV (1.493-eV) line are estimated to be

0.164m0 (0.155m0) and 4.13 (4.47) nm, respectively, where

m0 is the electron rest mass. Here, we applied the hydrogenic

1S exciton model and used the parameters for bulk GaAs.40,41

By assuming a short-range potential for the electron, the range

of the electron wave function, K, is calculated by42

K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h2

2meEB

s
; (2)

where �h is the reduced Planck constant, me is the electron

effective mass, and EB is the binding energy of the bound

exciton. The calculated spatial distributions of the electron

for the 1.444- and 1.493-eV lines are 0.804 and 1.65 nm,

respectively. This result indicates that the spatial localization

of the electron for the 1.444-eV line is stronger than that for

the 1.493-eV line. According to theoretical calculations indi-

cating that only the first- and fourth-nearest neighbor N pairs

create energy levels with a strong C character within the

band gap,27 the obtained diamagnetic shift coefficients sug-

gest that the 1.444- and 1.493-eV lines can be attributed to

the first- and fourth-nearest neighbor N pairs, respectively.

The N-pair distance ratio (dNN4
/dNN1

¼ 2.0) is comparable to

the calculated ratio for the spatial distribution of the electron

(K1.493 eV/K1.444 eV ¼ 2.1).

FIG. 2. (Color online) Linearly polarized magneto-PL spectra for the

(a) 1.444- and (b) 1.493-eV lines, respectively, at T¼ 4.4 K and Pexc¼ 0.34

W/cm2. The magnetic field was applied along [001] in the Faraday configu-

ration. The solid and dotted lines are the results for the [110] and [–110]

polarizations, respectively. The bottom panels show the magnetic-field evo-

lution of the PL-peak energy. The solid and open circles are the PL lines

observed for the [110] and [�110] polarizations, respectively, at the zero

magnetic field. The squares are unexpected PL lines in the C2v symmetry in

the [110] direction.

FIG. 3. (Color online) Magnetic field evolution of the average energy,

DEave, of the 1.444- and 1.493-eV lines. DEave was defined by the average

energy of the exciton fine structure indicated by the solid and open circles in

Fig. 2. The circles and squares are the results for the 1.444- and 1.493-eV

lines, respectively.
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According to the estimated wave function of bound exci-

tons, we discuss the asymmetric line shape of the 1.493-eV

line mentioned in Figs. 1(c) and 2(b). One of the potential

origin of the asymmetric line shape is the phonon sidebands

due to the exciton-acoustic-phonon coupling.43,44 When we

assume a quasi-two-dimensional exciton wave function, the

exciton-acoustic-phonon coupling becomes strong with

the decrease of the lateral extension of the center-of-mass

movement.43,44 However, the asymmetric line shape was

not observed for the localized exciton wave function of the

1.444-eV line. This result indicates the reduction of exciton-

phonon interaction45 due to the strong electron confinement

for the 1.444-eV line. Further investigation is required to

confirm the exciton-phonon interaction for bound excitons in

N d-doped GaAs.

On the other hand, the radiative lifetime of a weakly

bound exciton reflects the spatial distribution, binding

energy, and effective mass of the exciton.42 In order to clar-

ify the localization of the exciton from various perspectives,

we studied the radiative lifetime of these lines. Figure 4

shows the PL decay dynamics of the 1.444- and 1.493-eV

lines at T¼ 4.4 K and Pexc¼ 0.007 W/cm2. The circles and

squares are the results for the 1.444- and 1.493-eV lines,

respectively. The dotted curve indicates the laser profile. The

profiles have been normalized by the intensity at 0 ns. The

PL decay profiles are found to have two decay components,

which are reproduced well by double exponential fitting, as

shown by the solid lines. The fast (slow) lifetimes of the

1.444- and 1.493-eV lines are 43 (43) and 11 (49) ns, respec-

tively. The fast lifetime is considered to reflect the radiative

lifetime of the bright-exciton component, whereas the slow

lifetime results from the dark-exciton component and/or the

background signals, as shown in Fig. 1(a). The fast lifetimes

of the 1.444- and 1.493-eV lines obtained in this work were

different from the values of 14.8 and 4.8 ns obtained for

heavily doped GaAs:(In,N).20 The faster lifetime in Ref. 20

would have resulted from the higher measurement tempera-

ture of 10 K compared to the values of 4.4 K in our measure-

ment. The lifetime of 11 ns for the 1.493-eV line is

comparable with the 10 ns for the 1.508-eV line in GaAs:N

measured at 2 K.46

The radiative lifetime sN of the exciton bound to the iso-

electronic trap is expressed as42

sN ¼ 4:50
k2

nfN

; (3)

fN ¼
xex

x
4pK3

Xmol

mh

lX

� �3
fex; (4)

where k is the wavelength of the transition in cm, fN is the

oscillator strength of the transition, n is the refractive index,

and xex and x are the angular frequencies of the transition

for the free and bound excitons, respectively. Xmol is the vol-

ume of a GaAs molecule, lh is the hole effective mass, and

fex is the oscillator strength of a free exciton in GaAs. The

calculated radiative lifetimes for the 1.444- and 1.493-eV

lines are 12 and 1.1 ns, respectively. Here, the parameters for

bulk GaAs are employed in Refs. 40, 41, 47, and 48. The ra-

tio between the observed and calculated lifetimes, sexp/scalc,

for the 1.493-eV line is larger than that for the 1.444-eV line.

This result indicates that the assumption of the short-range

potential for the electron is considered invalid for the 1.493-eV

line because of the longer N-pair distance. This hypothesis is

consistent with the expectation that the 1.444- and 1.493-eV

lines can be attributed to the first- and fourth-nearest neighbor

N pairs, respectively.

IV. CONCLUSIONS

In conclusion, we studied the magneto-PL and PL dy-

namics of excitons bound to N pairs in N d-doped GaAs. An

extremely high uniformity for the emission wavelength of

the exciton bound to the N pairs in the (001) plane was

achieved; the homogeneous and inhomogeneous line widths

were estimated to be approximately 70 and 15 leV, respec-

tively. The uniformity of the emission wavelength suggests

that the N d-doping technique is suitable for controlling the

distribution of N-pair levels because of the controlled local-

strain field of the C2v symmetry. The magneto-PL spectra in

the Faraday configuration showed the characteristic Zeeman

interaction of the C2v symmetry for the 1.493-eV line. On

the other hand, the magneto-PL spectra suggested that the N

pair for the 1.444-eV line was not aligned in the growth

plane. The spatial distribution of the excitons localized at

different N pairs was estimated by the diamagnetic shift

coefficient and confirmed by the radiative lifetime of the

bright-exciton component; the 1.444- and 1.493-eV lines can

be attributed to the first- and fourth-nearest neighbor N pairs,

respectively. The strong spatial localization of the bound

exciton experimentally showed that both the short-range

exchange interaction and the local strain field played key

roles, in contrast to the well-known excitons confined in self-

assembled QDs. The strong electron confinement for the

1.444-eV line results in the reduction of exciton-phonon

interaction.
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15N. López, L. A. Reichertz, K. M. Yu, K. Campman, and W. Walukiewicz,

Phys. Rev. Lett. 106, 028701 (2011).
16E. P. O’Reilly, A. Lindsay, P. J. Klar, A. Polimeni, and M. Capizzi, Semi-

cond. Sci. Technol. 24, 033001 (2009).
17T. Kita and O. Wada, Phys. Rev. B 74, 035213 (2006).
18X. Liu, M.-E. Pistol, and L. Samuelson, Phys. Rev. B 42, 7504 (1990).
19T. Makimoto, H. Saito, T. Nishida, and N. Kobayashi, Appl. Phys. Lett.

70, 2984 (1997).
20R. Intartaglia, T. Taliercio, P. Valvin, B. Gil, T. Bretagnon, P. Lefebvre,
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