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<はしがき>

単一光子発生素子は､量子暗号等､量子情報技術の分野で重要な役割を果た

すデバイスと考えられている､そこで､本研究では､単一光子発生素千-の応

用を目指して､窒素原子や窒素原子対によって形成される等電子 トラップが､

励起子を束縛する効果に着目して､窒素原子対を基本的な単位構造とする半導

体量子ナノ構造を作製し､特異な光物性を発現させ､その物理的な解明を行な

うことを目的とした｡具体的には､原子層 ドーピング技術を用いて窒素原子を

局所的にドーピングすると同時に､電子線リソグラフィーを用いた微細加工技

術によって､特定の配列をした単一の窒素原子対からの発光を観測できるよう

な構造を作製した｡母体となる半導体材料にはガリウム枇素およびガリウム燐

を用いて､これに極低濃度の窒素原子をドーピングした｡特定の配列をした窒

素原子対を得るために､窒素原子の ドーピング濃度､成長温度や原料の供給比

などの最適化を行った｡このような構造についての検討の結果､直径 1〃mの範

囲内に特定の配列をした窒素原子対が一つだけ存在するような構造を作製する

ことに成功するとともに､顕微フォトルミネッセンス測定によって線幅が 50〃

ev以下の鋭い発光を得ることに成功した｡この結果は､等電子 トラップを用い

た単一光子発生素子を実現する可能性が十分に高いことを示すものである｡ま

た､互いに偏光方向が直交し､わずかにエネルギーの異なる2つの発光線も観

測されたことから新規デバイス-の応用も期待される｡さらに､素子-の応用

の上で不可欠となる発光効率を向上させる方法に関して検討を行い､ガリウム

枇素 ･窒素系の混晶半導体において､極低温下でレーザー光を照射することに

よって発光効率を向上させる独自の方法を確立するとともに､この現象が局所

的な構造変化と関連していることを顕微ラマン散乱分光によるその場観察によ

って明らかにした｡
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Photo-induced improvement of radiative efficiency and
structural changes in GaAsN alloys

H. Yaguchi 1, T. Morioke1
, T. Aokil, H. Shimizu1

, Y. Hijikatal, S. Yoshida1
,

M. Yoshita2
, H. Akiyama2

, N. Usami3
, D. Aoki4, and K. Onabe4

IDepartment of Electrical and Electronic Systems, Saitama University, Japan
2Institute for Solid State Physics, The University of Tokyo, Japan
3Institute for Materials Research, Tohoku University, Japan
4Department of Applied Physics, The University of Tokyo, Japan

InGaAsN is expected as a material for long-wavelength laser diodes with superior characteristic
used in the optical fiber communications. Owing to its extreme immiscibility, however, it is necessary
to lower the growth temperature for incorporating nitrogen atoms, and thus the radiative efficiency is
low. In order to improve the luminescence properties of InGaAsN, thermal annealing after the growth
is often carried out. We previously reported the novel phenomenon that photoexcitation at low
temperatures improves the radiative efficiency of GaAsN alloys and that the improvement is
irreversible [I]. In the present paper, we have investigated the excitation power density and nitrogen
concentration dependence of the changes in the radiative efficiency of GaAsN alloys to examine the
mechanism of the photo-induced improvement. Photo-induced structural changes have been also
studied using micro Raman scattering spectroscopy.

The samples used in this study were GaAsN alloys grown on GaAs (001) substrates by low-pressure
metalorganic vapor phase epitaxy. Micro photoluminescence (PL) measurements were performed
using a DPSS laser (A = 532 nm) focused to ~1.3 11m in diameter as the excitation source at 4 K. The
excitation power density was changed from 10 to 104 W/cm2

• The PL was detected with a 30-cm
monochromator and an intensified charge coupled device camera.

Firstly, the excitation power density dependence of the temporal change of PL integrated intensity
I(t) was studied, which is approximately expressed as /(t) = /(0) exp (-tlr) + 1(00) (1 - exp (-tlr)). With
increasing excitation power density, the PL intensity increases more rapidly. The time constant 't
ranged from 2 to 270 s, and the product of the time constant't and excitation power density was found
to be nearly constant.

Secondly, we studied the nitrogen concentration dependence of the improvement in the radiative
efficieny of GaAsN alloys. The measure of the improvement (/(00)-/(0))//(0) was found to
superlinearly increase with increasing nitrogen concentration x up to ~1%. This suggests that the
nonradiative recombination centers repaired by photoexcitation are complexes formed not by a single
nitrogen atom but by gathering of several nitrogen atoms. When the nitrogen concentration exceeded
--I %, the measure of the improvement (/(00)-/(0))//(0) rather decreased. This decrease may be due to
structural defects which cannot be repaired by photoexcitation, for example, misfit dislocations in
GaAsN alloys.

In order to investigate the photo-induced structural changes using micro Raman scattering
spectroscopy, laser irradiation in the form of a line whose width and length were -- 1.3 Jlm and
30Jlm, respectively, was performed at 4 K for the part of the sample. Micro Raman scattering
measurements were carried out at room temperature using an Ar+ laser (A = 488 nm) as the light
source. Mapping measurements at intervals of 500 nm revealed the difference between the
laser-irradiated and un-irradiated regions. The Ga-As LO phonon peak in the laser-irradiated
region was found to shift by ,..., 1 cm- l to higher wavenumber side compared with that in the
un-irradiated region. This clearly indicates that the photo-induced structural changes which involve
the changes of the strain field in the laser-irradiated region. Since this phenomenon is in a time
scale of a few seconds, the photo-induced structural changes correspond not to long range
inter-diffusion but to local changes in atomic configuration which involve changes in the
bond-length and consequently lead to the decrease in the density of nonradiative recombination
centers or deep levels.

[1] H. Yaguchi, T. Morioke, T. Aoki, Y. Hijikata, S. Yoshida, H. Akiyama, N. Usami, D. Aoki, and
K. Onabe, Phys. Stat. Sol. (c) 0, 2782 (2003).

E-mail: yaguchi@op.t.ees.saitama-u.ac.jp
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Fig. 2 Excitation power dependence of the time
constant of the photo-induced improvement. The
time constant is found to almost inversely
proportional to the excitation power density.

Fig. 1 Excitation power density dependence of the
temporal change of PL intensity. With increasing
excitation power density, the PL intensity increases more
rapidly.
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Fig. 4 Mapping of Ga-As LO phonon peak
position in the vicinity of the laser-irradiated
region. Brighter pixels correspond to higher
wavenumbers. The laser-irradiated region is
clearly observed in the form of a line
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Fig. 5 Raman spectra obtained from the
laser-irradiated and un-irradiated regions. The
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InGaAsN is expected as a material for long-wavelength laser diodes with superior

characteristics used in the optical fiber communications. Owing to its extreme immiscibility,

howe'ver, it is necessary to lower the growth temperature for incorporating nitrogen atoms,

and thus the radiative efficiency becomes low. In order to improve the luminescence

properties of InGaAsN, thermal annealing after the growth is often carried out [1, 2]. We

previously.reported the novel phenomenon that photoexcitation at low temperatures improves

the radiative efficiency of GaAsN alloys and that the improvement is irreversible [3]. In the

present paper, we have investigated the relation between the changes in the radiative

efficiency and structUral changes of GaAsN alloys using micro Raman scattering

spectroscopy.

The samples used in this study were

GaAsN alloys grown on GaAs (001)

substrates by low-press.ure metalorganic

vapor phase ~pitaxy [4]. Trimethylgallium,

arsine and 1, I-dimethylhydr8;zine were

used as the Ga, As and N sources,

respectively. The nitrogen concentration in

GaAsN alloys was determined using X-ray

diffraction. In order to inves~igate the
Fig. 1 Raman spectra before and after strong

photo-induced structural changes, we have
photoexitation.

carried out micro Raman scattering

measurements for GaAsN alloys at 4.2 K.

The 632.8 nm line of a He-Ne laser was used as the light source. An intensified

charge-collpled device camera was used as the detector. Laser irradiation with a power

density of ,....,100 kW/cm2 was intermittently performed to improve the luminescence efficiency

of GaAsN alloys. Micro Raman scattering measurements were carried out between the
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photoexcitations at the laser-irradiated position using

a weak laser light to avoid the photoexcitation effect.

Figllre 1 shows a typical Raman spectra obtained

from GaAsN before and after strong photoexcitation

of 10 s. GaAs-like longitudinal optical (LO) mode

phonon, transverse optical (TO) mode phonon, and

nitrogen localized vibration mode (LVM) peaks are

observed at 293 em-I, 269 cm-l, and -470 em-I,

Fig. 2 Raman intensity of GaAs-like LO respectively. After the photoexcitation, GaAs LO

mode and nitrogen LVM phonons as a mode phonon peak intensity is found to increase

function ofphotoexcitation time. while the nitrogen LVM peak intensity decreases.

Figure 2 shows the intensity of GaAs-like LO

mode phonon and N LVM peaks as a function of photoexcitation time. The GaAs-like LO

mode phonon peak intensity increases with time. On the c~ntrary, the N LVM peak intensity

decreases at the early stage. This change can be fitted by the following expression [3]:

I(t) = I(O)eXP( -;)+I(OO{l-exp(- :)},
as shown ·by solid curves. in the figure. The time constants 1: for the GaAs-like LO mode" and

N LVM phonons are estimated to be 7.6 sand 0.7 s, respectively. The increase in GaAs-like

LO peak intens\ty indicates that the structural defects disturbing the phonon propagation are

eliminated by photoexcitation. Since this phenomenon is in a time scale of several seconds,

the photo-induced structural changes correspond not to long range inter-diffusion but to local

changes in atomic configuration leading to the elimination of nonradiative recombination

centers. The decrease in N LVM peak intensity also suggests the local structural changes

around nitrogen atoms.

This study was partially supported by Grant-in-Aid for Scientific Research (C) (No.

17560004), Japan Society for the Promotion of Science. This work was performed using

facilities of the Institute for Solid State Physics, the University of Tokyo.
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345 (2000).
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and K. Onabe, Phys. Stat. Sol. (c) 0, 2782 (2003).

[4] K. Onabe, D. Aoki, J. Wu, H. Yaguchi, and Y. Shiraki, Phys. Stat. Sol. (a) 176,231 (1999).

38



Tu-P.96

Micro-photoluminescence study of nitrogen 8-doped GaAs grown by
metalorganic vapor phase epitaxy

Y. Endo1
, K. Tanioka1

, Y. Hijikata1
, H. Yaguchi1

, S. Yoshida!,
M. Yoshita2, H. Akiyama2

, W. On03
, F. Nakajima3

, R. Katayama3
, and K. Onabe3

lDepartment of Electrical and Electronic Systems, Saitama University,
Saitama 338-8570, Japan

2Institute for Solid State Physics, The University ofTokyo, Kashiwa, Chiba 277-8581, Japan
3Department ofAdvanced Materials Science, The University ofTokyo, Kashiwa,

Chiba 277-8583 Japan
E-mail: endo@opt.ees.saitama-u.ac.jp

1.541.52

(n) DMHy flow rate
2000 ~mol/min

C-related
I

1.46 1.48 1.50
Photon energy (eV)

1.441.42

III-V-N alloys are promising materials for ~ovel optoelectronic device applications because
they have unique electronic and "optical properties, such as large band gap bowing. In the
dilute impurity region, nitrogen atoms which substitute for group V atoms form isoelectroni~

traps and bind excitons. Sharp luminescence lines are observed (GaP:N [1] and GaAs:N [2-3])
as one of the features of the isoelectronic traps. The energy of luminescence lines. due to
isoelectronic traps is dependent on the number of relat~d nitrogen atoms and the distance
between nitrogen atoms, and the sharp luminescence lines due to nitrogen pairs have been
iden~ified in several reports [1-3]. In order to identify the luminescence lin.es due to
isoelectronic traps, it is necessary to reduce varieties of isoelectronic traps. Delta (B)-doping is
useful for reducing the varieties of isoelectronic traps because the nitrogen atoms are limited
spatially [3]. In this paper, furthermore, we h.ave measured sharp luminescence lines from a
limited number of isoelectronic traps in B-doped GaA~ using micro photoluminescence (PL)
to investigate the origin of sharp luminescence lines.

Samples used in this study were nitrogen o-doped GaAs layers' grown on semi-insulating
undoped GaAs (001) substrates by low-pressure metalorganic vapor phase epitaxy using
trimethylgallium (TMG), tertiarybutylarsine (TBA), and dimethylhydrazine (DMHy) as the
sources. The growth temperature and growth rate were 630°C and 0.6 Jlm/h, respectively. To
perform the nitrogen B-doping into GaAs, only TMG flow was stopped and DMHy was

supplied for five seconds. The flow rate
of DMHy was changed "from 250 to 4000
J,.lmol/min to obtain various nitrogen
concentrations. We measured micro-PL
spectra at 3.8 K using a diode-pumped
solid-state (DPSS) laser (532nm) as the
excitation source. The spatial' resolution
of the micro-PL measurement system was
less than 1 flm.

Figure 1 shows the micro-PL spectra
for N B-doped GaAs with different
nitrogen concentrations. For a sample
with higher nitrogen concentration, as

Fig. 1 Micro PL spectra of N B-doped GaAs with shown in Fig. 1 (a), a large number of
different N· concentrations. sharp lines are closely packed below
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1.48eV, which is considered as the precursor state of the alloy. On the other hand, sharp peaks
are clearly observed at 1.460, 1.473 and 1.480 eV for a sample with lower nitrogen
concentration (Fig. 1 (b)). The energy differences between, these peaks and those observed for
nitrogen pairs [3] suggest that the sharp peaks seen in Fig.l (b) are due to isoelectronic traps
fanned by three or more nitrogen atoms..

Figure 2 shows the excitation power dependence of micro-PL spectra at the same position.
Under strong excitation, GaAs free-exciton (FE) peak is dominantly observed. With
decreasing excitation power, a sharp peak is observed at 1.476 eV, which is attributed to NNA

[3], along with GaAs FE and bound-exciton (BE) peaks. Under the excitation of 40 W/cm2
,

FE, BE and NNA peaks almost disappear and other sharp lines become remarkable, for
:example at 1.460 eVe

Figure 3 shows the micro-PL spectra at different positions on a sample. These four spectra
are individually different. For example, the peak at 1.468 eV, which is the highest in (a), is
weak in (b) and (d), and is not seen in (c). The highest peak in (d) (1.473 eV) is not clearly
seen in (a), (b) and (c). Similar results were obtained froin a GaAsN (N~O.8%) epilayer by
using near-field photoluminescence [4]. In contrast, almost the same lnicro-PL spectra were
obtained at different positions for a unifonnly doped sample. These results show that the
combination of the B-doping and micro-PL measurement enable us to observe sharp
luminescence lines from a limited number of isoelectronic traps arid suggest the prospect of
detecting emission from a single isoelectronic trap.

This study was partially supported by Grant-in-Ai~ for Scientific Research (C) (No.
17560004), Japan Society for the Promotion of Science.
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Fig. 3 Micro PL spectra at different positions.
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Fig. 2 Excitation power dependence of
micro PL spectra at the same position.
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We have measured micro photoluminescence (PL) spectra of nitrogen atomic-layer-doped
GaAs with various concentrations. In nitrogen atomic-layer-doped GaAs with low
concentrations, the micro PL study shows that there are no more than a few isoelectronic
traps within a diameter of ~1 J..lm. This indicates a good prospect for applications of
isoelectronic traps to single photon emitting devices.

111-V-N alloys are promising materials for optoelectronic device applications because of
their unique properties, such as large band gap bowing and isoelectronic traps. In the dilute
impurity region, nitrogen atoms which substitute for group V atoms act as isoelectronic
traps. Sharp luminescence lines are observed [1-3] as one of the features of the
isoelectronic traps. If the luminescence can be obtained from a single isoelectronic trap, it
is a prospective candidate for single photon emitting devices, which is expected to playa
key role in the field of quantum information technology, such as quantum cryptography.
Compared with the single photon emitting device using a quantum dot [4], utilizing a
single isoelectronic trap is advantageous to the design of multiple layer mirrors or filters
because one can obtain luminescence with specific energies from isoelectronic traps. In
this paper, we have measured micro photoluminescence (PL) of nitrogen
atomic-layer-doped (N-ALD) GaAs to examine the prospect for applications to single
photon emitting devices. The purpose of this work is to observe a sharp PL line from a
limited number of isoelectronic traps, ideally speaking, from a single isoelectronic trap.

Samples used in this study were N-ALD GaAs layers grown on semi-insulating
GaAs (001) substrates by low-pressure metalorganic vapor phase epitaxy using
trimethylgallium (TMG), tertiarybutylarsine (TBA), and dimethylhydrazine (DMHy) as
the sources. We measured micro PL spectra at 4 K using a diode-pumped solid-state laser
(532nm) as the excitation source. The spatial resolution of the micro-PL measurement
system used in this study was'"1 J..lm. Luminescence was detected with an intensified
charge-coupled device.

Figure 1 (a) shows a contour plot of the PL intensity of N-ALD GaAs with a DMHy
flow rate of 2000 J..1ffiol/min grown at 630°C. A lot of sharp PL lines are seen at higher
energies. On the other hand, there are a few sharp PL lines including NNA at lower energies,
which indicates that the average separation between nitrogen atoms forming isoelectronic
traps are much larger than 1.264nm of NNA [31. Figure 1 (b) shows the PL intensity at
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1.4741 eV designated as NNA as a function of position. The maximum is located at a
position of 2 f.lm. In addition, we show the micro PL spectrum at a position of 2 f.lm in Fig.
1 (c). As can be seen from this figure, a sharp PL line is observed at 1.4741eV (NNA). Thus,
these results demonstrate that a single NNA pair is located only at a position within a
diameter of ~1 J.lrn, Further experiments are necessary to investigate the quality of a single
photon obtained from a single isoelectronic trap for the near future.

In conclusion, we have successfully observed sharp PL lines due to a limited
number of isoelectronic traps within a diameter of 1 J.lm for N-ALD GaAs with low
nitrogen concentrations. This result shows a good prospect for the single photon emitter
utilizing a single isoelectronic trap.

This study was partially supported by Grant-in-Aid for Scientific Research (C) (No.
1756(004), Japan Society for the Promotion of Science.
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Figure 1
(a) Contour plot of the micro PL intensity ofN-ALD GaAs, (b) PL intensity due to NNA as
a function of position, (c) Micro PL spectrum at a position of 2 f.lm.
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III-V-N alloys have bean expected to be promising materials for optoelectronic device applications because of

their unique properties, such as large band gap bowing, isoelectronic traps, and so on. In dilute GaPN alloys,

isoelectronic traps due to nitrogen pairs [1] have been extensively investigated because they play an important

role in increasing luminescence efficiency. In contrast, a limited number of papers have reported isoelectronic

traps in dilute GaAsN alloys [2,3]. In this study, we have measured photoluminescence (PL) spectra to clarify

the character of the isoelectronic traps in dilute GaAsN alloys.

Figure 1 shows a PL spectrum of GaAs1-xNx(x=O.l %) at 5 K. Several sharp lines can be seen at the lower

energy side of GaAs bandgap, indicating that isoelectronic traps due to nitrogen are located within the bandgap.

The emissions observed at 1.4776, 1.4634, 1.4598, 1.4505, and 1.4299 eV are identified as isoelectronic traps

due to nitrogen pairs and labeled NN A, NNe, NNE, NND, and NNB, respectively [3]. In addition to the nitrogen

pair-related lines, other emissions are also observed at 1.4415, 1.4274~ 1.4236, 1.4143, and 1.3938 e V, as shown

in Fig. 1. Compared with the energies of these emissions and nitrogen pair-related emissions, it is found that the

energy differences are always 36 meV. This value corresponds to the longitudinal optical (LO) phonon energy at

the r point of GaAs. Therefore, the isoelectronic traps due to nitrogen pairs in dilute GaAsN alloys are

r -point-like, which is quite different from the fact that the isoelectronic traps due to nitrogen pairs in dilute

GaPN alloys are X-point-like.

Figure 2 shows the temperature dependence of the peak energy of luminescence due to nitrogen pairs. For

comparison, the temperature dependence of the Eo gap of GaAs is also shown by solid curves. As can be seen

from this figure, the peak energies of the nitrogen pair-related emissions show almost the same temperature

dependence of the Eo gap of GaAs, which also indicates that the isoelectronic traps due to nitrogen pairs in dilute

GaAsN alloys are f-point-like.
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