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Effects of rapid thermal annealing on two-dimensional delocalized electronic
states of the epitaxial N /-doped layer in GaAs

Yasuhiro Ogawa, Yukihiro Harada, Takeshi Baba, Toshiyuki Kaizu, and Takashi Kita
Department of Electrical and Electronic Engineering, Graduate School of Engineering, Kobe University,

1-1 Rokkodai, Nada, Kobe 657-8501, Japan

(Received 4 December 2015; accepted 3 March 2016; published online 18 March 2016)

We have conducted rapid thermal annealing (RTA) for improving the two-dimensional (2D)
arrangement of electronic states in the epitaxial nitrogen (N) o-doped layer in GaAs. RTA
rearranged the N-pair configurations in the GaAs (001) plane and reduced the number of
non-radiative recombination centers. Furthermore, a Landau shift, representing the 2D delocalized
electronic states in the (001) plane, was observed at around zero magnetic field intensity in the
Faraday configuration. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944055]

Recent progress in electronic and optoelectronic devices
results from the precise control of the electronic states in
semiconductors via the charge carrier confinement in the het-
erostructures. Zero-dimensional self-assembled quantum
dots (QDs) have been strenuously studied for the realization
of the low-threshold lasers, high-speed semiconductor opti-
cal amplifiers, single- and entangled-photon sources, and
non-volatile fast memory devices.! On the other hand, the
electronic coupling between the vertical and lateral QDs
modifies their electronic states”™ and changes the carrier
confinement dimension.® These artificial controls of
electronic states open the functionality to make high-
performance devices. However, the inhomogeneous distribu-
tion of the size and shape of the QDs prevents forming the
coherently coupled electronic states in the growth plane.
Besides, single impurity centers or dopants in semiconduc-
tors have been regarded as qubits for quantum computing
and nonclassical light sources for quantum information proc-
essing as well as QDs.” The electronic state of the localized
impurity level is uniquely determined by a combination of
the host matrix and the impurity centers. Therefore, the
coherently coupled electronic states among the impurities
are expected for the highly impurity-doped semiconductors
in the atomically controlled way.

Recently, we have successfully grown an epitaxial
nitrogen (N) o-doped layer embedded in GaAs using the site-
controlled N d-doping technique that we developed.® N
o-doping is an effective technique allowing control of the
N-pair configuration’'! and engineering of the band struc-
ture.'>'? In the impurity limit, N pair centers in GaAs act as
isoelectronic traps below the conduction-band edge because
of a strong electronegativity of N atoms.”'*'® The elec-
tronic state of the localized impurity level is uniquely deter-
mined by the N pair structure in GaAs, thereby electronic
coupling among high-density N pair centers enables to form
a quasi epitaxial sheet. By increasing the N -doping density,
we observed a change in the electronic states in the N
o-doped GaAs from the isolated impurity centers to the delo-
calized impurity band at 1.49 eV according to the photolumi-
nescence (PL) spectroscopy.® The emission line at 1.49eV
was attributed to the fourth-nearest-neighbor N pairs in the
growth plane.® We observed a Landau shift of the 1.49eV
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band resulting from the delocalized electronic states in the
Faraday configuration for the epitaxial N d-doped layer, indi-
cating a high carrier mobility supra 10000cm?/V s in the
embedded layer comprised sp>-hybridized bonds.® The
epitaxial N J-doped layer embedded in GaAs presents a
promising advantage for practical applications such as field-
effect-transistor channels. However, the Landau shift has
been observed only above 3.5T, suggesting a contribution
the localized levels below the delocalized impurity band
edge.® It is well known that rapid thermal annealing (RTA)
dramatically improves the crystal quality of bulk GaNAs'’
and GaInNAs single quantum wells (SQWs)'® by rearrang-
ing the N atoms. In this study, we conducted RTA to prompt
the rearrangement of N atoms in the GaAs (001) plane and
studied the effects of the RTA on the two-dimensional (2D)
properties.

All samples were grown by using molecular beam
epitaxy (MBE) on a semi-insulating GaAs (001) substrate.
Before N J-doping, a 400-nm-thick GaAs buffer layer, a
300-nm-thick Aly3Gag;As layer, and a 50-nm-thick GaAs
layer were grown. N d-doping was performed on an atomi-
cally flat (2 x 4)f2 surface with a nitridation duration of
2000s by using active atomic N species created using a
radio-frequency plasma source from an ultrapure N, gas.
After a 120-s-long growth interruption, 50-nm-thick GaAs,
100-nm-thick Aly3Gag;As, and 10-nm-thick GaAs capping
layers were grown. All of the layers were grown at 550 °C,
with the As, flux of 1.3 x 10~ *Pa. According to secondary
ion-microprobe mass spectrometry, the N sheet density was
approximately 4.6 x 10* umfz. The N atoms distribute along
the growth direction with a full-width at half-maximum of
approximately 8 monolayers with a standard deviation of
approximately 3 monolayers, according to the cross-
sectional scanning tunneling microscope (XSTM) images."”
After removing the wafer from the MBE chamber, the
sample was annealed at 650 and 850°C for 60s, under N
ambient condition. The sample was covered with a GaAs
substrate to prevent As desorption during the annealing
process.?’?!

PL measurements were performed using a continuous-
wave laser beam (/=484 nm). The samples were mounted
in a closed-cycle cryostat for the PL. measurements and in a

© 2016 AIP Publishing LLC
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superconducting-magnet system cooled by a He gas flow for
the magneto-PL measurements. The PL signal was dispersed
by a 55-cm single monochromator and was detected by using
a liquid-Nj-cooled Si charge-coupled device array. Time-
resolved PL. measurements were performed using a mode-
locked Ti:sapphire pulse laser (4 =750nm, pulse duration:
~140 fs, repetition frequency: 4 MHz), and the PL signal
was detected by a streak camera system with a temporal
resolution of 50 ps. A magnetic field was applied in the
[001] direction in the Faraday configuration.

Figure 1 shows typical PL spectra for the epitaxial N
o-doped layer at 3.3 K. The black, red, and blue spectra are
for the as-grown sample, the sample annealed at 650 °C, and
the sample annealed at 850 °C, respectively. The green spec-
trum was obtained for the as-grown reference sample with
the nitridation duration of 20s. The excitation power was
2.5W/cm®. We confirmed that the PL intensities did not
saturate for this excitation power. The PL peak at 1.444 eV is
attributed to the excitons bound to the first-nearest-neighbor
N pairs in the (001) plane.'® The broad PL peak in the
1.47-1.49 eV band results from the interaction between the
two types of N pairs attributed to the bound exciton lines at
1.479 and 1.493eV in the reference sample. The line at
1.493 eV is attributed to the excitons bound to the fourth-
nearest-neighbor N pairs in the (001) plane.'® On the other
hand, the line at 1.479 ¢V is attributed to the excitons bound
to other N pairs in the (001) plane,'* which was not observed
for the samples for which N d-doping was performed on
the (2x4)a surface.'' The broad energy peak in the
1.47-1.49 eV band exhibits a blueshift of 18 meV induced by
the RTA. A similar RTA-induced blueshift was reported for
GaNAs'"?! and GaInNAs bulk crystals,'® and was inter-
preted as a rearrangement of N atoms into a homogeneous
atomic distribution.'”*? The peak intensity at 1.444eV
decreases with RTA. On the other hand, the peak intensity at
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FIG. 1. Typical PL spectra for the epitaxial N J-doped layer at 3.3 K. The
black, red, and blue spectra are for the as-grown sample, the sample
annealed at 650°C, and the sample annealed at 850 °C, respectively. The
excitation power was 2.5W/cm® PL spectra were normalized at the
1.47-1.49 eV band. The green spectrum is for an as-grown reference sample
with a nitridation duration of 20 s. The excitation power was 0.25 W/cmz.
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1.47-1.49 eV increases by 2.6 times for the sample annealed
at 650°C, and by 1.3 times for the sample annealed at
850 °C. The reduction in the peak intensity at 1.47-1.49eV
for the sample annealed at 850 °C is attributed to the diffu-
sion of N atoms out of the sample.'”*' In Fig. 1, the other
energy peaks were not newly emerging and only the PL peak
intensities at 1.444eV and 1.47-1.49 eV changed. This sug-
gests that the RTA process induces a rearrangement of N
atoms belonging to the first-nearest-neighbor N pairs to the
fourth-nearest-neighbor N pairs. Because the sample
annealed at 650 °C exhibited a relatively stronger increase in
the peak intensity at 1.47—1.49 eV, we proceeded to compare
the detailed properties of the as-grown sample and that
annealed at 650 °C.

The increase in the peak intensity at 1.47-1.49¢eV can
also be caused by a reduction in the number of non-radiative
recombination centers. N atoms in GaAs tend to form
non-radiative recombination centers originating from, for
example, two atoms at a single As site, such as NN, and
AsN .2 Actually, in the case of the bulk mixed crystal
semiconductors such as GaNAs and GalnNAs, the non-
radiative recombination centers can be eliminated by RTA
owing to a rearrangement of N atoms.*>** To investigate the
reduction in the number of non-radiative recombination
centers, we performed temperature-dependent PL. measure-
ments. Figures 2(a) and 2(b) show the temperature depend-
ences of the PL spectra for the as-grown sample excited at
250 W/cm? and the sample that was annealed at 650 °C and
excited at 25 W/cm?. Here, we chose different maximal
excitation power values that did not cause saturations of the
corresponding peak intensities. The PL spectra were normal-
ized by the peak intensities from Figs. 2(a) and 2(b). The PL
intensity of the broad band at 1.47-1.49eV decreased with
increasing the temperature. Figure 2(c) shows the Arrhenius
plot of the PL intensity for the 1.47-1.49 eV band. The esti-
mated thermal quenching activation energies (E,) were
11.1 0.4 and 24.4 = 3.6 meV for the as-grown sample and
that annealed at 650°C, respectively. The increase in
the activation energy indicates a reduction in the number of
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FIG. 2. Temperature dependence of the PL spectra for (a) the as-grown sam-
ple and (b) the sample annealed at 650 °C. The excitation powers were 250
and 25 W/cm?, respectively. PL spectra were normalized by the peak inten-
sities. (c) Arrhenius plot of the PL intensity for the 1.47-1.49eV band. The
solid lines show the fitting curves.
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non-radiative recombination centers by the RTA. A similar
increase in the activation energy, which was caused by
diminishing the compositional fluctuation of N and In atoms,
has been reported for GaInNAs SQWs.?!

On the other hand, for the sample annealed at 650 °C,
the two peaks of P1 and P2 appeared above 30 K. According
to the results of our previous work, P1 and P2 can be attrib-
uted to the biexciton at 1.493eV with a negative binding
energy and the GaAs free exciton, respectively.”
These peaks also appeared for the excitation power above
~125 W/cm? at 3.3K, and the peak intensity of P1 exhibited
a quadratic dependence on that of the 1.493¢eV line. The
appearance of P1 and P2 above 30K suggests a thermally
activated bound-exciton dissociation with a reduced non-
radiative recombination process.

In order to clarify the dimensionality of the electronic
states in the epitaxial N J-doped layer, we studied the
temperature-dependent radiative lifetime. Figure 3(a) shows
the PL decay profiles for the 1.47-1.49eV band of the
as-grown sample and that annealed at 650 °C at 3.7 K. Both
the PL-decay profiles exhibit two decay components; the
fast and slow components result from the delocalized and
localized electronic states, respectively. The ratio of the fast
and slow components, It,q/low, fOr the sample annealed at
650°C was approximately two times stronger than that for
the as-grown sample, resulting from the enhancement of
delocalization degree due to the rearrangement of N atoms as
discussed in Fig. 1. The decay times of the fast (slow) compo-
nent of the as-grown sample and that annealed at 650 °C were
0.35 (7.2) and 0.45 (2.8) ns, respectively. These decay times
were faster than the decay time of 11 ns for the localized exci-
tons bound to the fourth-nearest-neighbor N pairs in the
impurity limit."' In general, decay time 7 includes both the
radiative lifetime 7, and the non-radiative lifetime t,. To
obtain the 7., we took into account the temperature-dependent
PL intensity /Ip (7T) by assuming that the temperature-
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FIG. 3. (a) PL decay profiles for the 1.47-1.49eV band of the as-grown
sample and that annealed at 650 °C at 3.7 K. The excitation density was 90
nJ/cm?. The solid lines show the fitting results. (b) Temperature dependence
of the radiative lifetime of the fast component for the as-grown samples and
that annealed at 650 °C. The solid line shows the fitting result at above 20K
for the sample annealed at 650 °C.
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corresponds to the IPL(T).26 The temperature-dependent radi-
ative lifetime t(7T) is given by t(T)=1t(T)/n(T) with an
assumption of negligible non-radiative process at T=0K.
Figure 3(b) summarizes the 7, of the fast component for the
as-grown sample and that annealed at 650°C. The 1, for the
sample annealed at 650 °C clearly increases with the tempera-
ture at above 20 K. The linear increase in the 7, results from
the spectral linewidth extension with acoustic-phonon scatter-
ing.27’28 Therefore, the linear increase of 38 ps/K in the 7, for
the sample annealed at 650 °C indicates that the 2D energy
dispersion is formed in the epitaxial N o-doped layer by the
RTA process.

To investigate the 2D property of the epitaxial N
J-doped layer, we performed magnetic-field-dependent PL
measurements. Figures 4(a) and 4(b) summarize the mag-
netic field dependence of the PL spectra for the as-grown
sample and that annealed at 650 °C, respectively. The excita-
tion power density was 25 W/cm?. The magnetic field inten-
sity was increased up to 5T in the Faraday configuration.
Figure 4(c) shows the magnetic field dependence of the PL
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FIG. 4. Magnetic field dependence of the PL spectra for (a) the as-grown
sample and (b) the sample annealed at 650°C at 4.3 K. PL spectra were
normalized at the 1.47-1.49¢eV band. (c) Magnetic field dependence of the
PL-peak energy of the as-grown sample and that annealed at 650 °C. The
solid lines show the fitting results.
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peak energy indicated by triangles in Figs. 4(a) and 4(b).
Here, the minimal PL peak energy was set to zero. In both
cases, the PL peak energies exhibited blueshifts by increas-
ing the magnetic field intensity. For the as-grown sample,
the PL peak energy exhibited a quadratic shift below the
field intensity of 3T, which indicates that electronic states
are localized in the N d-doped layer in GaAs."? Conversely,
a clear linear shift appeared above the field intensity of
3.5T. This so-called ‘Landau shift’ represents magnetic
quantization of the delocalized energy states and is attributed
to the cyclotron motion in the growth plane."® This Landau
shift signals the 2D delocalization of the electronic states in
the N J-doped layer. On the other hand, for the sample
annealed at 650 °C, the PL peak energy exhibited the Landau
shift obviously starting from ~0T, implying that the elec-
tronic states in this case are perfectly delocalized in the
(001) plane. The increase in the number of fourth-nearest-
neighbor N pairs implies the homogenization of these N
pairs, and the reduction in the number of non-radiative
recombination centers implies the reduction in the number of
electron traps obstructing the cyclotron motion. It has been
reported that N atoms slightly diffuse along the growth direc-
tion by a RTA at 900 °C in Ga(As,N)/GaAs MQWs accord-
ing to transmission electron microscopy analysis,*’
suggesting that the RTA for our N 6-doped layer also may
cause N-pair configurations distributing along the growth
direction. However, the obvious Landau shift demonstrates
that the 2D nature of the N J-doped layer in the (001) plane
is remarkably enhanced by the RTA.

From the Landau shift energy, AE = (e/i/2u)B, the in-
plane reduced effective mass of the exciton, u, was estimated
as 0.11my and 0.18m for the as-grown sample and that
annealed at 650 °C, respectively. Here, my, is the electron rest
mass. The cyclotron angular frequency o, is eB/u, and the
Landau shift is observed for w.t. > 1, where 7. is the carrier
relaxation time. Consequently, the lower limit on the carrier
relaxation time is provided by p/eB. The Landau shift was
observed starting from ~0T for the sample annealed at
650°C, which resulted in a drastic increase in the carrier
relaxation time 1. and mobility et./u. The calculated lower
limits on the carrier relaxation time and mobility were
approximately 4 ps and 40000cm?/V s for the sample
annealed at 650°C for the field intensity of 0.25T (corre-
sponding to the lowest magnetic field intensity in this study).
Conversely, for the as-grown sample for the field intensity of
2.0T, the corresponding values were approximately 0.3 ps
and 5000 cm?/V s. Here, the critical magnetic field intensity
of 2.0T was estimated from the intercept of the linear
magnetic-field dependence of the PL peak energy as shown
by the arrow in Fig. 4(c). According to these results, the car-
rier mobility for the sample annealed at 650 °C is at least one
order of magnitude higher than that for the as-grown sample.

In conclusion, we investigated the effects of RTA in
the epitaxial N o-doped layer in GaAs. We found that
RTA caused a rearrangement of the N atoms from the

Appl. Phys. Lett. 108, 111905 (2016)

first-nearest-neighbor N pairs to the fourth-nearest-neighbor
N pairs, reducing the number of non-radiative recombination
centers. Furthermore, a linear increase in the radiative life-
time with the temperature demonstrated the 2D energy dis-
persion formation in the epitaxial N J-doped layer by the
RTA. Thereby, a Landau shift was observed at around zero
magnetic field intensity, demonstrating a dramatic increase
in the carrier mobility if the scattering processes are ignored.
These results show that 2D delocalized electronic states in
the (001) plane can be achieved by rearranging the N atoms.
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