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We report the fabrication of GaAs/AlGaAs quantum well wires using implantation of As at 45 keV

to induce quantum well intermixing. The intermixing process was first characterized giving
optimized annealing parameters of 875 °C for 30 s and an implantation dosel6flcm™2. Wire

widths from 35 to 1000 nm were defined using e-beam lithography followed by lift-off.
Photoluminescence spectra from the lateral wells and barriers were observed from samples with
wires as narrow as 50 nm. The energies of the lateral wells were found to remain constant for wire
widths between 1000 and 150 nm, and start to shift significantly towards high energy for 80 nm
wires, the signal from the lateral well eventually merging with that from the lateral barrier for 35 nm
wires. An intermixing radius of about 17 nm was estimated for the process. Photoreflectance
measurements were also carried out on these wire samples, showing that the wires appear to have
a parabolic lateral potential and clear interwire coupling was observed from samples with barriers
narrower than 50 nm. €1998 American Institute of Physids$$0021-89788)07008-X

I. INTRODUCTION nealing step to promote intermixing in the implanted area
through diffusion of the point defects. The intermixed region

structures such as quantum well wit@WWs) and quantum has an ?ncreased band gap energy, and therefore can be L_Jsed
dots have attracted much interest in the past few years. to prowde.lateral conflr?ement. qf electrons and holes in
Quantum well intermixing(QWI) is one of the promising masked unimplanted regions within the QW structure. Quan-
techniques for fabricating low dimensional structures, as optUm wires prepared using this technique are buried and are
posed to the conventional techniques of dry etchiagd therefore free of surface recombination.
metalorganic vapor phase epitaxfMOVPE) selective Atomic mixing due to implantation in semiconductts
growth on V-groove structurés QWI can be achieved us- Wwas known Iong before being used intentionally to induce
ing several methods, such as impurity free vacancy inducetitermixing in heterostructurés. For optoelectronic and
disordering (IFVD), laser induced QWI and impurity in- photonic applications, neutrgélectrically inactivg impuri-
duced disorderindlID). Although IFVD has been used to ties are much preferred to minimize free carrier absorpiton.
realize QWWSs, lateral diffusion of vacancies generated at th&or the GaAs/AlGaAs system gallium and arsenic, being the
surface is a limitation, and a nanometer scale resolution isative matrix elements, have received the most attention.
therefore difficult to achieve at depths useful for guidedGallium implantation induced intermixing has been
wave optoelectronic applicatiofid.aser related induced in- studied!® and optimum annealing conditions as well as doses
termixing and 11D are both promising techniques to achievefor broad area implantation have been deduced from
nanostructure fabrication. QWWs and quantum dots havexperiments® Also low dimensional structures have been
been realized by direct writing using a focused laser beanfeported for Ga implant¥’. Less progress has been achieved
technique’:® This technique involves high temperature heat-with arsenic implant! even though arsenic has a larger
ing induced by the laser beam to promote the interdiffusionnass than Ga, giving a potentially higher resolution. To the
of Al'and Ga, hence locally modifying the quantum well pest of our knowledge, no lateral quantum confined struc-
(QW) band gap and energy level. IID can be achieved eithefres have been reported previously for As implants.
by direct write using focused ion bea8 or using other ion In this article we report the fabrication of QWWs in a
implantation induced disordering techniqdé®uring these  gpajiow single quantum welEQW) GaAs/AlGaAs structure
techniques selected areas of a QW sample are implanted Wif{yjn g as-implantation induced QWI. We first optimized the
ions to create point defects, followed by an appropriate anQWI process by studying the effect of QWI as a function of
implantation dose, and rapid thermal annealing temperature.
PPresent address: School of Electrical and Electronic Engineering, BlockThe quality of the material and the degrees of QWI were
§§é7l§\)|§myang Technological University, Nanyang Avenue, Singaporejggesse( using 77 K photoluminescefiie measurements.
PPresent address: University of California-Los Angeles, Electrical Engi—The optimum process conditions were then employed to fab-
neering Department, Los Angeles, California 90095-1594 ricate the wire samples. Wire widths ranging between 35 and

The optical and electronic properties of low dimension
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1000 nm, with a similar interwire spacing, were fabricated 50
using e-beam lithography and a lift-off procegs5 K PL —H—— 900°C, 305
and room temperature photoreflectance measurements were g 404 —¢— 850°C, 30s
then performed on these wire samples to study the lateral £ ey 925°C, 30s
potential heights and the transition states of these QWWs. E 30d —4 875°C,30s
=
TR
Il. SAMPLE PREPARATION §
@
Arsenic was used in this study as it is an effective inter- § 104
mixing species for the GaAs/AlGaAs system and electrically
neutral. In addition, it has a relatively large atomic mass 0
compared to other neutral species such as boron, fluorine and 10 11 12 3 14 15
gallium, which leads to a corresponding low straggling Log,, [Dose (cm?)]

length during ion implantation. The diffusion coefficient of

As is also known to be relatively low? Among the neutral FIG. 1.'Wavelength shift as a function of arsenic dose from the _homoge-
. eous implanted shallow single QW samples annealed at various RTP

species referred to above, although boron has been found Egnditions_

have the lowest diffusivity in GaAs/AlGaAS,it is not suit-

able for the fabrication of QWWs as it exhibits a relatively

low degree of intermixing and creates a high concentratiorand cause intermixing in the masked regions during the an-

of dislocation loops after annealif§.Fluorine has a high nealing step. The rapid thermal processiRYP) time was,

diffusivity in GaAs, and hence is expected to exhibit a largetherefore, set to 30 s to minimize the lateral diffusion of

degree of lateral diffusion. impurity ions and point defects into the masked regions.

An undoped shallow single quantum wé8QW) grown Broad area or homogeneous implantation into the shal-
by MOVPE on a GaAs substrate was used in this study. Théow SQW samples was first performed to study the dose
material consistedfa 5 nmGaAs QW sandwiched between dependence of the QWI process. The as-grown samples were
20 and 500 nm of AJ,Ga,sAs barrier material above and implanted with doses of eitherxi10'!, 1x10*, 1x10'3 5
below the well, respectively. The top barrier was covered byx 10" or 1x 10" cm™2, which correspond to peak impurity
a 5 nm GaAs layer to prevent the AGa ¢As from oxida-  concentrations in the QW of 3:510'6, 3.5x 107, 3.5x 10,
tion and the bottom barrier was grown on top of a 500 nm1.75x 10'°, and 3.5< 10*° cm™3. RTP was then performed at
GaAs buffer layer. 850, 875, 900 and 925 °C for 30 s. The samples were capped

The implantation energy of As and its corresponding lat-with SrR/AIF; layers to prevent the out-diffusion of As dur-
eral straggling length were then simulated and optimized using annealing. PL measurements were then carried out at 77
ing TRIM, a Monte-Carlo simulation software packagen K to study the band gap energy shifts. Optimum dose and
order to introduce a high concentration of point defects intoRTP conditions were then deduced from the quality of the
the QW, the peak concentration of the ion was placed at theL signal and the degree of intermixing. The optimum dose
middle of the QW. Simulation showed that 45 keV drove theand the RTP conditions found from the broad area implanta-
ions to an average range of 27 nm, with a lateral straggle dfion were then employed in fabricating the QWWs samples.
5 nm. Using this implantation energy, the arsenic ions willThese samples consisted of eight fields with each field con-
not penetrate through 50 nm of StAIF;, so this was used taining wire masks varying from 35 to 1000 nm. The dis-
as the implant mask layer. A sharp lateral potential variatiortance between the masked wires and the implanted regions
is required for the QWWs, and so one of the most importantvas kept an equal width. The wires were defined using e-
parameters is the lateral straggling length of the implantedheam lithography at 100 keV, with a 20 nm spot size and 10
ion. This straggling is undesirable and must be minimizednm resolution. After developing, about 50 nm of ZF;

The straggling length at the depth of the QW is expected tavere evaporated followed by lift-off in acetone to create the
decrease with increasing implantation energy. However, @mplantation mask. This layer was subsequently wet etched
high implantation energy will create a high degree of damagaway and a fresh layer of SffAIF; deposited prior to an-
which may result in a large amount of residual damage in th@ealing. Low temperature PL and room temperature photo-
QW after intermixing. Also, at high implantation energies reflectance measurements were then carried out to study the
ions will penetrate through the mask, inducing intermixing inoptical properties of these QWW fields.

the masked regions. The use of high energy implantation for

reducing the lateral straggling was therefore not considereg|. MEASUREMENTS AND DISCUSSION

suitable in this study, and, to our knowledge, 45 keV is so far
the lowest energy ever attempted in the fabrication ofA"
QWWs using the 1ID technique. Diffusion of the impurity The wavelength shift as a function of As-implantation
(in this case Asand the point defects induced by the impu- dose from the broad area implanted samples is given in Fig.
rity and by ion implantation are other factors which influencel. No apparent wavelength shift was observed from samples
the sharpness of the lateral potential. Due to the concentramplanted with As doses lower thanx1.0'? cm 2, which

tion gradient of point defects between the implanted and theorresponds to a peak ion concentration in the QW of about
masked regions, the implanted ions and defects can diffus&,5x 10t cm™3. The impurity and point defect concentra-

Broad area implantation
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FIG. 2. The wavelength shift as a function of arsenic dose obtained from ) )
homogeneous implanted multiple-quantum well samples. The annealed con- q Broadarea implantation (k) Asgrown (a)
ditions were 850 °C for 30 s.

Lateral Well
L] 1 ¥ L) L) L) ) 1
tions at this dose are too low to initiate QWI. Above the 640 660 680 700 720 740 760 780 800 820
threshold dose of X 10" cm2, the wavelength shift starts Wavelength (nm)

to increase almost linearly with increasing implantation dose.

We observed no saturation in band gap shift from high im-FIG. 3. Photoluminescence spectfak) from (&) as-grown,(b) homoge-
plantation dose and high annealing temperature process«?@oﬁémsp;?;‘tfgs' a’;‘:;r;;"vl;‘;tzzn\lﬁt'ﬁsa‘;f;f;:fcfaooﬁeifgfsn?g”;Tt‘
samples. In general, larger degrees of intermixing were obfs'kev and zfnnealed at 8'075 °C for 30 s. ’
served from samples annealed at higher RTP temperatures.

Similar results were also obtained from multiple-
quantum wellMQW) samples. The detailed structure of this 850 °C for 30 s. This implies that the RTP temperature may
sample has been reported elsewlfértn brief, the sample  pe too low to activate recovery of the lattice damage. The PL
consisted of six undoped GaAs QWs with well widths of 25, signals gradually decrease in FWHM with increasing RTP
36, 43, 60, 70 and 95 A, respectively, placed 300, 525, 76lemperature, becoming constant for annealing temperatures
1005, 1265, 1535 and 4535 A below the surface. Theahove 875 °C. The optimum RTP temperature is therefore
samples were annealed at 850 °C for 30 s and the wavelengtbund to be 875 °C for 30 s.
shifts, relative to control samples, i.e., unimplanted samples
annealed under the same RTP conditions, are shown in Fig.
2. Only the first and the second wells showed significan
band gap shifts above the critical dose of 10*?> cm ™2, and Samples with wire widths of 1000, 500, 400, 150, 100,
these two QWs are located within the implantation range80, 50, and 35 nm were implanted with 45 keVix 10™
From the TRIM simulation profile, the As concentration cm 2 doses of As. The RTP conditions were 875 °C for 30 s.
peak occurs at between 120 and 300 A, with its tail extendPL (5 K) measurements were performed on these samples
ing as deep as 60 nm at 45 keV. With a dose of1D'®  after intermixing. Selected PL spectra are given in Fig. 3. On
cm 2, the samples had an impurityAs) concentration of average, PL signals from all the intermixed samples appear
about <10 cm ™2 at a depth of 50 nm according to the to be about three times lower in intensity compared to the
simulation profile. This concentration is above the thresholdas-grown samples. The specta and (b) shown in Fig. 3
concentration of 3.5 10'” cm™3. The degrees of intermixing are the PL signals obtained from the as-grown sample and
decrease dramatically in the third and subsequent wellghe broad area intermixed samples, respectively. The FWHM
which were situated more than 75 nm below the surface. Thef the intermixed sample is about twice the width of the
small degrees of intermixing observed from these wells maignal obtained from the as-grown sample, i.e., 20 nm for the
be attributed to the diffusion of point defects during annealintermixed and 9 nm for the as-grown samples. The PL from
ing. However, ion implantation and the associated damage ithe as-grown sample peaked at 750 nm. A wavelength shift
GaAs/AlGaAs always appear to penetrate deeper than thef about 17 nm(38 meV shif} was observed from the broad
theoretical prediction$which may also result in the small area implanted samples annealed under the above conditions,
degrees of intermixing observed from the QWs placed at 7%vhich is consistent with the observation of the previous ex-
nm or more below the surface. periments(Fig. 1).

Compared to the as-grown material, the PL signals ob- The PL spectra from 1000, 500, and 400 nm wires were
tained from the intermixed samples, including the samplesimilar to those of the 150 nm wir¢Eig. 3(c)]. We expected
implanted with doses below the threshold dose, appeared to observe two PL peaks from the wire samples after inter-
be broader. Weak and broad full width at half maximummixing, one from the lateral barrighigh energy and the
(FWHM) PL signals have been detected from samples imether from the lateral wiredow energy. A peak at 750 nm,
planted with doses higher tharnx1.0'® cm 2, annealed at which is identical to the peak signal for the as-grown sample

. Photoluminescence of quantum well wires
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FIG. 4. The blue energy shift and the FWHM of the wire samples as func- Wire Width (nm)
tion of wire width.
FIG. 5. Photoreflectance transitions of broad wires; notice the clear para-
bolic confinement potential formation starts at wire width of 500 nm. The
and a shoulder at shorter Wavelength could be identified iHangltlon energies shift QOwn due to the transition of square well to har-
. monic well potential confinement.
the spectrum. The observation of the 750 nm peak from these
samples confirms that the As ions did not penetrate the/ SrF
AlF3; masks during implantation. The signals from the lateralqguantum well ground statéle-1hh transition at 1.516
well and from the shoulder of the lateral barrier were found+0.003 eV/(corresponding to the 770 nm PL at 77, khere
to be superimposed, hence making the identification of there also transitions related to donor states in both GaAs sub-
peak wavelength from the lateral barrier difficult. Comparingstrate and the QW observed in the control sample. The bind-

the spectrum of Fig. (8) to those of Figs. @ and 3b),  ing energies of the impurity states for both the substrate and
however, we estimate that the PL peak from the lateral barthe QW are similar, which is 301.5 meV. This is likely to
rier is at about 733 nm, i.e., a lateral barrier potential ofpe due to carbon contamination.

about 38 meV. According to room temperature photoreflectance results,
The wire emission progressively shifts towards higherwe can see that when the wire width is smaller than about
energies, and decreases the FWHM, for samples with wirg00 nm, the ground state transition starts to shift to red
widths smaller than 100 nitFig. 4), and merges with that of ~ slightly, indicating that parabolic-like quantum confinement
the implanted barriers for 35 nm wirgBig. 3(g)]. Although  effects are starting to appeéfig. 5. When the wires are
a significant wavelength shift was observed from the 50 nnpelow about 150 nm in widtiFig. 6), clear equally spaced
wire sample, the FWHM is relatively broad compared to thatoptical transitions are observed, suggesting the confinement
of the 35 nm sample, which implies that the lateral wells arepotentials of these wires are parabola-like, or more exactly,
still not fully intermixed. Taking the 35 nm wires as the the potential distribution of the gratings is harmonic across
cutoff width for the QWI process, the intermixing radius canthe wires. Decreasing the wire width to below 100 nm in-
be estimated to be about 17 nm, which is reasonably smalluces a blueshift of the heavy hole related transitions while,
compared to that reported in the literature using heavy iongt the same time, the light holes were not confined any more

with higher implant energy, for exampf,100 nm. Com-  due to the fact thata) a very strong inter-wire coupling
pared to the lateral straggling length predicted by TRIM

simulation, which is 5 nm, this result is obviously larger,

implying that lateral diffusion of point defects occurs during 1.66
annealing. 164+ ST o

% 1621 . “eiiiseeeiea B
C. Photoreflectance of quantum well wire g 167 Tl

- 1.581 ."‘ (- RRLLETY Trar) 1h

The photoreflectance measurements were performed on S 1564 o, [RARLTTTPPIPPRRN. ' 1

as-grown and the wire samples at room temperature using a 5 1544 Tt rercresnnente OB
monochromatic tungsten-halogen lamp as the excitation 2 1524 " "™ tiiliseimirecs. osinon hh
source, ad a 1 mW helium-neon laser mechanically & 15 :1‘ Imp
chopped at 127 Hz as the modulation beam. The measured 1484 v, LT LU | )
band gap for the GaAs substrate from the as-grown sample is L.46 —— T
1.420+0.001 eV. The identification of the other features in 20 40 60 80 100 120 140 160 180 200
photoreflectance was done by comparing the calculated tran- Wire Width (nm)

sition energies, using known structure parameters, to thEIG. 6. Photoreflectance transitions of smaller wires; notice the equal en-
measured ones. In the calculation, the effective masses efgy separation of transitions from the heavy hole related transitions, indi-
electrons, heavy and light holes were chosen to be 0.0668ting harmonic potential confinements in the wires. The relatively flat trend
Mo, 0.45m, and 0.87my, and a band offset Sp|it of 60/40 of light hole rel_ated transmons_ suggests_ that in wires s_maller than about 100
. . .nm, the combined effect of light effective mass for light hole and strong
for the conduction/valence bands. It was found that, in add'Tnter—Wire coupling is so intense that light hole wave function spread every-

tion to the band edge transitions from the substrate and thehere across the gratings and no effective hole confinement is present.
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becomes effective, an) the lighter effective mass of light measurements. In addition, due to its capability of detecting
holes lifts up the quantized states in the wells so no effectivdigher energy transitions, photoreflectance gives us a more
guantization is observable due to the strong inter-wire couaccurate physical picture of what is really happening in the
pling effect. The harmonic potential distribution of the wire samples in terms of each stage or degree of ion implantation
samples is expected as the wires were defined by ion implarrduced intermixing of the quantum well in the wires. It also
tation and the ion trajectories during As implantation createsuggests that the combination of photoreflectance and other
different degrees of intermixing in the QW in unmasked ar-techniques such as PL can help us understand much better
eas and the edges of the masked areas. This result is consike whole process of the intermixing technique described in
tent with that obtained from the PL study. The largest wiresthis article.

studied here had widths of about 500 nm, with clear forma-

tion of a parabolic confinement potential in the wires occur-ackNOWLEDGMENTS
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