305 S5
2009 4 10 H

CHINESE JOURNAL OF LUMINESCENCE

%" j:li Vol.30 No. 5
Oct. , 2009

Article ID: 1000-7032 (2009 )05-0575-05

Ion-implantation-induced Intermixing of

Double Quantum Wells with Different Emission Wavelengths

CHEN Jie', LIU Guo-ying', LUO Shi-jun'

PENG Ju-cun®, ZHAO Jie’

9 b

WU Bo-ying’,

9

HU Yong-jin' , ZHANG Xi-ping'

(1. School of Science, Hubet University of Automotive Technology, Shiyan 442002, China;

2. School of Physics and Electronic Information Engineering, Xiaogan University , Xiaogan 432100, China;

3. College of Physics and Electronic Information Science, Tianjin Normal University, Tianjin 300074, China)

Abstract; In this work, phosphorus ion-implantation-induced intermixing of InGaAsP double quantum wells

(DQWs) with different emission wavelengths was investigated by photoluminescence (PL) spectrum and cross-sec-

tional transmission electron microscopy (TEM). After thermal annealing under specific conditions, the PL showed

that the PL peaks of both wells always remain well separate under the condition of a low implanting dose (less than

7 x10"/em?) | the bandgap blue-shift for each well appears a maximum as the implantation doses are increased from

10" t0 10”/cm’ , and the blue-shift from the upper quantum well (QW) is larger than that from the lower QW under

the same conditions of implantation and annealing. When the ion dose is 10"°/cm”, the PL peak of the upper QW is

nearly negligible and the peaks from DQWSs appear to combine together as one peak. Comparing as-grown sample with

annealed sample appearing maximum blue-shift by cross-sectional TEM, the boundaries of annealed sample between

wells and barriers become vague, indicating that the ion implantation results in a total intermixing of two wells.
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1 Introduction

Quantum well intermixing ( QWI) induced by
ion implantation is an attractive technique to modify
the bandgap of QW in the photonic integrated cir-
cuits (PICs) and optoelectric integrated circuits ( OE-
ICs) applications due to its remarkable superiori-
ties, such as the selectivity of ion, implanting re-
gion, the concentration and depth of implanting ion,
are easy to control and manipulate. After implanta-
tion and rapid thermal annealing ( RTA ), defects
generated by implantation enhance the interdiffusion
of constituent atoms of quantum wells and barri-
ers'' "', Generally, after intermixing, the efficient

bandgap of intermixed region has an increasing, and
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the PL peak of intermixed region would be blue-shift
2421 For InGaAsP QW

structure, Ga,As,and P ion are often selected as the

than that of as-grown

implanting ions to induce QWI and create bandgap
blue-shift, because they could not introduce impurity
to target materials > 7 """

For a given ion energy, the degree of intermi-
xing depends on the implantation dose, RTA tem-
perature and time. The intermixing effect could be
stronger with increasing implantation dose or annea-

“4) . However, the

ling temperature and duration
lower dose implantation is more significant in achie-
ving the smaller implantation damage and keeping
the better crystal quality of QWs structures. In order

to reduce damaging the QWs, the distribution of all
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vacancies generated by ion implantation should be
closer to the well, but not cross the well.

For multiple quantum wells ( MQWs ), there
are many reports on influence of QWI by ion dose,
annealing conditions because they have only one
emitting wavelength, however, the intermixing de-
gree of each well is not likely to clearly understand
and few papers have reported on it. In the letter, we
investigated the intermixing effect of InGaAsP DQWs
with different emission wavelengths induced by phos-
phorus ion implantation by means of PL spectrum

and cross-sectional TEM.

2 Experiments

The samples investigated in this work were

grown by gas source molecular beam epitaxy
(GSMBE) , they are InGaAsP double quantum well
(DQW ) structures with different emission wave-
lengths, as shown in Fig. 1. It can be seen from
Fig. 1 that the emission wavelength of the upper QW
is 1. 52 pm and that of the lower QW is

1.59 pm.

p-InP(p =5 x10"/em?) 100 nm

1.15 pm Ing ¢ Gay 13Asg 40Py (p =5 x10"7/cm’) 80 nm

1.24 pm Ing s Gay 54 Asy so5 Py 475 (un-doped) 20 nm
1.52 pm Ing ¢, Ga, 39 Asg g6 Py 14 5 nm
1.24 pm Ing 46Gag 54 Asy 5p5 Py 475 (un-doped) 20 nm
1.59 pm Ing 5, Gay 43 Asg 04 Py o6 5 nm
1.24 pm Ing 56 Gay 54 Asy 555 Py 475 (un-doped) 20 nm

1.15 pm Ing ¢ Gay 1gAsg 40P (n =5 x107/cm®) 80 nm

n-InP (n=5x10"/cm®) 150 nm

n-InP substrate

Fig.1  Structure of InGaAsP DQW with the same thickness
of 5 nm, the emission wavelengths of two wells are
1.52 pm (the upper QW) and 1.59 pm (the lower
QW) , respectively.

The samples were divided into 5 mm X5 mm
squares. Considering the nonuniformity of GSMBE
growth, the PL. measurement of each square was per-
formed at room temperature, and we picked out
some squares with the same PL spectrum from them

as experimental preparation, then, the phosphorus

(P) ion implantation was carried out at the energy of
120 keV with different dose (from 1 x 10" to 1 x
10”/cm®) , the temperature of implantation is at
room temperature, and the angle of incidence is
about 10° deviation from normal of target plane.
After implantation, all samples were covered with
InP wafer face to face, then performed RTA at 700 C
for 30 s under N, surroundings. All annealed sam-
ples were once again put through PL measurement at
room temperature.

The cross-sectional region of each well in
DQWs was characterized by TEM. There are two ion
thinning squares, one of which is as-grown sample,
the other is annealed square with the implanted dose
7x10"/cm’.
in the crystal structure and boundary of QW region

And both of them were characterized

by cross-sectional TEM.

3 Results and Discussion

The parameters about P ion implantation were
designed by using TRIM-2000

The implanted vacancy distribution is

simulation  pro-
gramme.
shown in Fig. 2. As can be seen, the maximum of
the vacancy density in the distribution is located at
around 100 nm depth, and the far end edge of the
minimum vacancy density in the distribution is at
about 200 nm depth, which is closer to the upper
well. The distribution of vacancies chiefly concen-
trates in the region from 50 nm to 150 nm under the
surface of the sample, which implies that few dama-
ges occur in the regions of wells.

Fig. 3 shows the comparison of PL spectra of

p-InP 1.15Q 1.24()| 1.2401(1.24Q
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"
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Fig.2  Distribution of vacancies generated by 120 keV phos-
phorus ion implantation as a function of depth by

TRIM-2000 simulation
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Fig.3 Comparison of PL spectra of as-grown and phosphorus
ion implanted samples for different ion doses from

1 x10" to 1 x10"/cm?

as-grown sample, direct annealing sample, and im-
planted samples. Under the condition of low dose
(less than 7 x 10" /c¢m® ), the PL peaks of both
wells always remain well separate, and the blue-shift
of PL peak from the upper QW is larger than that
from the lower QW as the implantation dose increa-
sing. When the ion dose is 1 x 10"/cm”, the inter-
mixing degree of 1.59 pm QW promptly enhance,
the PL peak from the lower QW shifts to short wave-
length more than that from the upper QW , which is
nearly negligible, the peaks from DQWs appear to
combine together as one peak. These show that the
ion implantation with a low dose ( ~ 10"/cm’)
chiefly induces intermixing of the upper well.

Appearing two peaks or one peak in PL spec-
trum in different case is determined by the distance
between two wells. If the distance is far, two wells
could not form coupling under the excited states,
and we can see two peaks appearing in PL spec-
trum, if not, we can see one peak. The defects
generated from ion implantation enhance the interdif-
fusion of constituent atoms of wells and barriers in
the course of rapid thermal annealing, the process
also make interfaces between wells and barrier more
near. So, as the ion implanting dose increasing, the
degree of QWI is more and more stronger at the same
conditions of annealing, and the PL peaks also
change from two peaks to one peak.

However, the damage generated from ion im-
plantation can not be ignored, it lowers the optical
quality , especially, the PL peak from the upper QW

slowly disappear as the ion dose increasing.

The bandgap blue-shifts of PL peaks of samples
induced by p ion implantation with dose from 1 x
10" to 1 x10"*/cm” are summarized in Fig. 3. Fig. 3
shows that the blue-shift from 1.52 pum QW is larger
than that from 1. 59 pm QW because the former is
the upper QW, which is closer to the ion induced
vacancies. The results of PL measurement indicate
that the depth of ion implantation influences on the
bandgap blue-shift of QWs.

Furthermore, the cross-sectional region of each
well is characterized by TEM. The cross-sectional
TEM images of InGaAsP DQWs structure are shown
in Fig.5; (a) as-grown sample; (b) annealed sam-
ple with the implanting dose of 7 x 10" /cm®. As
clearly seen in Fig. 5, compared with the barrier
layer, the well layers appear as the brighter regions
of which the upper one is corresponding to the 1.52
pm QW and the lower is the 1.59 pm QW. Judging
from the electron diffraction images insetting in Fig.

5 (b), the crystal structure of both wells is retained
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Fig.4 The PL blueshift of the samples as a function depen-

ding on implanting doses

Fig.5 Cross-sectional TEM images of InGaAsP DQWs struc-
ture. (a) as-grown sample; (b) intermixed sample
with the implanting dose of 7 x 10" /em®. The upper
brighter region and diffraction image are correspon-
ding to the 1.52 pm QW; and the lower ones, to the
1.59 pm QW.
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well after ion implantation with the dose of 5 x 10"/
em’ and RTA, of which the upper one is from the
1.52 pm QW and the lower is from 1.59 pm QW.
The boundary of QWs also becomes vague because of
the interdiffusion of constituent atoms of wells and
barriers enhanced by the defects generated from P

ion implantation.
4 Conclusion

The results of PL. measurement indicated that the
depth of ion implantation influences the bandgap blue-
shift of QWs. The blue-shift from the upper QW,

which is closer to the ion-induced vacancies, is larger

than that of the lower QW at the same implanting dose.
the blue-shift for each well appears a maximum as the
implantation doses are increased from 10" ~10"/cm’,
When the ion dose is less than 7 x 10" /em®, the PL
peaks of both QWs can basically separate. However,
when the ion dose is 10”/cm’, the PL peak of the up-
per QW is nearly negligible and the peaks from both
wells appear to combine together as one peak. Compa-
ring as-grown sample with annealed sample appearing
maximum blue-shift by cross-sectional TEM, the
boundaries of annealed sample between wells and bar-
riers become vague, indicating that the ion implanta-

tion result in a total intermixing of both wells.
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