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Photoluminescence study of lateral confinement energy in T-shaped J6a,_,As quantum wires

Hidefumi Akiyama
Institute for Solid State Physics (ISSP), University of Tokyo, and Quantum Transition Project, Japan Science and Technology
Corporation, 7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan

Takao Someya
Institute of Industrial Science (11S), and Research Center for Advanced Science and Technology (RCAST), University of Tokyo,
7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan

Masahiro Yoshita and Takeaki Sasaki
Institute for Solid State Physics (ISSP), University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan

Hiroyuki Sakaki
Quantum Transition Project, Japan Science and Technology Corporation, and Institute of Industrial Science (1IS), and Research Center
for Advanced Science and Technology (RCAST), University of Tokyo, 4-7-6 Komaba, Meguro-ku, Tokyo 153, Japan
(Received 16 September 1997

A study of high-quality InGa, _,As T-shaped quantum wiré3-QWR's) via photoluminescence spectros-
copy to characterize the lateral confinement effect is reported. The effective lateral confinement energy of
excitons in 3.5-nm-scale §nGa) gAS/Alg :Gay ;As T-QWR's is found to be as large as 34 meV. The value
has been examined in comparison with the previous results on GaA&#)|,As and GaAs/AlAs T-QWR’s.
[S0163-182698)00304-X

To study one-dimensiona(1D) optical properties of surface and fabricate high-quality,[Ba; _ As/Alg :Ga, As
quantum wires(QWR’s),*? T-shaped QWR'S(T-QWR’S)  T-QWR’s, and, second, to establish a quantitative under-
have been developed via the cleaved edge overgr@@E®)  standing of the lateral confinement energy in T-QWR’s made
method with molecular-beam epitatyIBE),>#in which the ~ of our material system.
1D electronic state is formed at the T intersection of two In this paper we report a study of high-quality
parent quantum welléQW’s), namely, the first-growth QW 'nthaifoS/No._aGaOJAs TfQWRsﬂ?nt?] their lateral conf||?e—
(QW1, thickness) for the “stem” part of letter “T,” and ~ MENt ENErgy, In comparison wi € previous resuits on

: o GaAs/Al Ga ;As and GaAs/AlAs T-QWR'’s. Three 4-nm-
the second-growth QWQW?2, thicknessh) for the “arm ccale "&lf)degZ:;lAS/ Aly (o AS T-QW(I% samplegsamples
part of it. , N1—N3) and one 3.5-nm-scale JpGa, gAS/Aly :Gay AS
. Equy successful growth. of a series of samples was real_o\wR sample(sampleN4) have been studied, which are
ized in GaAs T-QWR's with A G -As barrier (shortly  gchematically shown in the inset of Figs. 1 and 2.
denoted as GaAs/HkGa /As T-QWR’s), which were used The fabrication proceduté of samplesN1—N3 was as
in some systematic experiments for the physics of 1Dfollows. On a semi-insulatingd01) GaAs substrate, we suc-
excitons>~® However, the effective lateral confinement en- cessively grew a 500-nm GaAs buffer layer, aub
ergy of excitonsE}_,p, which represents the stability of 1D Alg 5Ga 7As layer, ten periods of 4-nm-thick JggGay g/AS
excitons and is defined as the energy separation between 1pultiple QW's and 100-nm-thick Al:G& As barriers for

and 2D excitons, is only 18 meV in the 5-nm-scale QW1, & 10-nm AlAs layer, a pm Al Gg-As layer, a
GaAs/Ab :Ga As T-QWR's? 10-nm AlAs layer, and a 500-nm GaAs cap layer, by the

It is to be noted that strong lateral confinement is imloc)r_conventlonal MBE method under a constant substrate tem-

tant t i kable 1D ties. The straiahtf eratureT ¢ of 560 °C, a V/IlI flux ratio of~2, and a GaAs
antlo realize remarkable 10 properties. 1he straightiorwargy o, 1y rate of 0.7um/h. On then situ cleaved(110) surface
way to enhance the effective lateral confinement energ

. } . = f this wafer which was prepared by the method described in
Elp-2p in T-QWR’s is to enhance the quantization energyRref. 12, we then grew a;=430 °C an Ig oGay o/AS layer
Eq of the parent QW's(In the infinite barrier approxima- of thicknessb for QW2, and a 2-ML-thick A} Ga,-As
tion, these two quantities should be proportion&or this  cover layer; then, af ;=500 °C, a 10-nm-thick Al Ga, /As
purpose, we need to increase barrier energy or to decreaparrier layer and a 10-nm-thick GaAs cap layer. The V/III
well energy, rather than merely to reduce QW thickness. Prefiux ratio was 30, and the pdGa, o;AS growth rate was 0.5
viously, we increased barrier energy by replacing theym/h. The growth condition of kGa _,As on the (110
Alo Gay-As barrier with the AlAs barrier, and realized surface was optimized by the repeated test growth and char-
E¥p.,p=238 mevi1! acterization, which was essential for the fabrication of the
Now we investigate the effect of decreasing the well endin,Ga, _,As T-QWR’s!® Three samples were formed by the
ergy by introducing IpGa;_,As. The points are, first, to same first growth and the three different CEO runs, changing
overcome the difficult growth of iGa _,As on the(110  the parameteb around 4 nm.
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"anm 0 Ga s/ Al Ga As of Figs. 1 and 2. Thus spatially resolved PL spectrostblfy

i awz T-QWRs was possible for these respective regions from above the
4K (110 CEO surface at 4 K, with 633-nm excitation light from

a He-Ne laser.

Figure 1 shows the spatially resolved PL spectra of the
samplesN1—N3. Solid curves show the PL spectra for the
1-um-wide region on QW1 and QWR's, while the dashed
curves show those for the dm-wide regions of QW2. The
origins of the three PL peaks in each sample were assigned
to QW1, QW2, and QWR, as shown in the figure. The PL
peaks of QW1 in the three samples stay at the same energy,
) , ‘ because the thicknesasis constant. On the other hand, as the

145 150 155 160 165 thicknessb is increased, the PL peaks of QW2 shift to the
Photon Energy (eV) low-energy side as well as those of QWR’s. The spectral

FIG. 1. The spatially resolved PL spectra of three 4-nm-scalémev"Idths of the three PL peaks were 15, 20, 'and 15 meVv
INo 0dG a0 AS/Alg G -As T-QWR samples with identical Qw1 for QW1, QW2, and QWR in sample2, respectively. The
thicknessa and different QW2 thicknessds (samplesN1—N3  precise energy of each structure was determined by these
shown schematically in the ingaineasured from above th&10 spectra.

CEO surface 84 K with 633-nm excitation light from a He-Ne The effective lateral confinement energy of excitons
laser. Solid curves show the PL spectra for thgrb-wide region  ET_ . in T-QWR’s is defined as the energy difference be-
on QW1 and QWR’s, while the dashed curves show those for the 5nyeen the QWR and the lower-energy QW between QW1
um-wide regions of QW2. and QW?2, which represents the stabilization energy of 1D
excitons. From the observed peak energi€§, ,, of

The above structure parameters used in the MBE growtBamplesN1, N2, andN3 were determined as 19, 28, and 15
are nominal. We calibrated the values @fand b in the  meV, respectively. It reached a maximum of 28 meV in
photoluminescencéPL) experiment shown below, which are sampleN2, where the PL energies of QW1 and QW2 are
a=4.1 nm andb=3.5 (sampleN1), 3.9 (sampleN2), and  equal.

4.4 (sampleN3) nm. Figure 2 shows the spatially-resolved PL spectra of the
To realize stronger confinement, we also prepared a 3.58.5-nm-scale 1§,/Ga gAS/Alp :Gay,As T-QWR samples
nm-scale 1§ 1/Ga gdAs/AlgGayAs T-QWR sample as (samplesN4). Solid and dashed curves show the PL spectra

sampleN4. Its fabrication procedure was the same as that ofor the 1.um-wide region on QW1 and QWR'’s, and the 5-
sampledN1— N3, except for the increased In content of 17% um-wide regions of QW2, respectively. Similarly to samples
and the reduced QW thickness of 3.5 nm. The calibratedN1—N3, three PL peaks assigned to QW1, QW2, and
values ofa andb area=3.7 nm ando=3.4 nm. QWR'’s have been observed. The spectral linewidths of three

Note that base structures formed by the first growth of allPL peaks were 13, 17, and 14 meV for QW1, QW2, and the
the samples are totally Am-thick layers of QW1 and 5- QWR, respectively. The increased effective lateral confine-
um-thick Aly Ga& ;As layers on both sides, so that CEO ment energy was realized in samp¥gt, that wasElp_ ,p
makes a lum-wide region with QWR’s sandwiched by 5- =34 meV.
um-wide QW2 regions, as schematically shown in the insets These series of well-resolved PL spectra demonstrate that

the designed high-quality |6 _,As T-QWR’s are avalil-
T e T T o ab_Ie, as weII as the _pre\_/ious GaAs T-QWR's. A detailed
' e S WRs 1 microscopic characterization of thesg®s, _,As T-QWR’s,
to ensure the assignment, and more importantly to demon-
strate the high uniformity of the samples, will be reported
elsewheré?

To investigate the lateral confinement of each sample, we
performed supplementary PL measurements for bulklike ref-
erence samples. From reference samplesNibr- N3, the
band-gap energie&, at 4 K with no confinement were ob-
tained for In odGa& 9:/AS on GaAs and AJ:Ga -As, which
, , , are 1.421 and 1.885 eV, respectively. Since the PL energy of

1.45 1.50 1.55 QW1 in samplesN1—N3 is 1.567 eV, the quantization en-
Photon Energy (eV) ergy Eq and the band-gap discontinuityE, for QW1 are

FIG. 2. The spatially resolved PL spectra of the 3.5-nm-sca|e‘j‘:"r'ved to be 146 and 464 meV, respectively. As for sample
INg.1/Ga gAS/Al, Gay As T-QWR sample(sample N4 shown N4, Eg 0f Ing 1/G& gAs on GaAs and '%|.3G?0.7AS are mea-
schematically in the insptmeasured from above thd@10) CEO  sured to be 1.344 and 1.901 eV, respectively. From the PL
surface &4 K with 633-nm excitation light from a He-Ne laser. The €nergy 1.520 eV of QWIE, andAE, for QW1 are 176 and
solid curve shows the PL spectra for theuin-wide region on 557 meV, respectively.

QW1 and QWR's, while the dashed curve shows those for the 5- These results are summarized in Table |, together with the
um-wide regions of QW?2. values for the 5-nm-scale GaAsAlGa ;As (sampleSl in

Photoluminescence Intensity (arb. unit)

Photoluminescence Intensity (arb. unit)
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TABLE I. Summary of the experimental results for four kinds of T-QWR samples: the effective lateral
confinement energy of excitols,_,, which is maximized when QW1 and QW2 have the same PL energy,
the quantization energq, is the PL energy measured from the bulk band-gap energy in the QW's, and the
band-gap discontinuitAE,.

Unit N4 N2 S1 (Ref. 9 S2 (Ref. 9
a (nomina) nm 3.5 4 5 5
In content in well % 17 9 0 0
Al content in barrier % 30 30 30 100
Elp.2p (Max) meV 34 28 18 38
Eq meV 176 146 94 148
AE, meV 557 464 374 1590
ratio Efp ,/Eq % 19 19 19 26

Ref. 9 and 5-nm-scale GaAs/AlAs T-QWR{sampleS2 in  of 0.367n, (0.358n;) along[001], and 0.688n, (0.656m)

Ref. 9. The listed values oE7_,p(max,) are for T-QWR’s  along [110] in IngodGa 9:AS (INg1/GaygAs) QW's. The

where the energies of QW1 and QW2 are equal, Bfil,,  conduction-band offset ratio was assumed to be 0.65.

is maximized. Though different choice of the band parameters gives
We should first point out, by comparingip,p in  slightly different estimation of the values, the discussed

samplesN4, N2, andS1, thatE}y_,pis increased from 18 to  physics is almost unaffected.

34 meV by increasing the In contextand reducing the QW With these assumptions, we are able to calibrate the thick-

thickness in InGa, _,As/Aly Gay ;As T-QWR'’s. However, nessesa andb with the observed PL peak energies, which

we could not go oveE} ,p=38 meV achieved in sample turn out to bea=4.1 nm (samplesN1-N3) b=3.5 nm

S2, or 5-nm-scale GaAs/AlAs T-QWR's, with these (sampleN1), 3.9 nm(sampleN2), 4.4 nm(sampleN3), a

samples. =3.7 nm(sampleN4), andb= 3.4 nm(sampleN4), reason-
It is interesting to see the ratiBy, ,/Eq shown in the  ably close to the nominal values.
table. The ratio for two IfGa, _,As/AlyGa -As T-QWR’s Then we interpreted the PL spectral linewidths observed

(samplesN4 andN2) is about 19%, close to that for the in Figs. 1 and 2. The energy difference caused by monolayer
GaAs/ Al :Ga As T-QWR (sampleS1), while that for the  fluctuation of the QW thickness is about 15 meV/ML
GaAs/AlAs T-QWR(sampleS2) is as large as 26%. (1 ML=0.283 nm and 11 meV/ML for QW’s in samples

In the infinite barrier and constant isotropic effective- N4 and N2, respectively. Therefore, we estimate that the
mass approximation,ETp ,i/Eq in balanced &=Db)  thickness fluctuation of QW1 is about 1 ML, whereas that of
T-QWR's should be constanit7% for a tentatively assumed Qw2 is 1-2 ML in these samples, showing the reasonably
electron mass of 0.08T, and a hole mass of Q) without good MBE growth on thé110) surface.
excitonic effect, since all the single-particle energy levels are  Next we calculated the electron wave-function width
proportional to the inverse square of the wave-function sizey; Qw1 as the root-mean-square expectation value of the
With the enhanced excitonic effect in tightly confined T- 4jactron position. The values of, in samplesN4, N2, S1,
QWR's, an increased ratio &p.,/ Eq should be observed. 5n4sp are 5.2, 5.6, 6.3, and 4.3 nm, respectively. In spite of

This argument approximately holds in samp®s and e tact that the actual widtksandb of samplesN4 andN2
S2. In fact, detailed analysis has shown that the slightly an re smaller (3.5 4 nm) than those of samplg2 (~5 nm)

L * :
significantly enhancefi;p, ,p in samplesS1 andS2, respec- the wave-function widthr, is much larger, showing the fi-

tively, are caused by the slight and significant enhancemerﬁite barrier effect discussed above. It is considered reason-

of the exciton binding energy. % . ; ; :
However, the finite barrier effect should be more impor-abl_e that the IargesElD_zp IS realized in samples2, in
which the wave-function size is smallest.

tant in samplesN4 and N2, sinceEg is already 30% of ) 296
AE,. We believe that this is the reason for the smaller val- So far, we have not mentioned the effect of straiSince
ues ofE*p ,i/Eq in samplesN4 andN2 than in samplé2. the lattice constant of Ll_Gai,xAs is larger than that of
When narrow T-QWR’s are formed with a finite barrier, the G2AS, the overgrown region on,(@a, -,As by CEO should
wave function tends to penetrate into the barrier. Thus th&@ve expanding strain compared with the overgrown region
excitonic effect is not so enhanced as in higher barrier case8n GaAs and AjGa,_,As. In other words, the lattice in the
Furthermore, even without the excitonic effect, the modelT-QWR region should be expanded and have a decreased
calculation shows thaE%y ,, becomes more saturated for Pand-gap energy compared with QW1 and QW2 regions,
increasecE,, in lower barrier case$™ which should contribute to enlargirgfp_,p.

To investigate more quantitatively and gain physical The question has been the magnitude of this contribution.
insight into the data, we assumed the following There was a discussion whether the conduction-edge modu-
parameters®~1° and calculated the energy levels based orlation in QW2 grown 25 nm above the cleaved edge of 7.1-
the simple effective mass approximation: the electron effecam-thick Iny ggdGa 93 AS/GaAs QW1 is 30—40 meV or at
tive mass of 0.064%, (0.0626n,), the hole effective mass least two orders of magnitude les.
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It turns out, in our result on sampl2, where QW2 is cially in fabricating QWR lasers®>2° First, a separately
grown just on the cleaved edge of 4.1-nm-thick confined heterostructure is not possible, if an AlAs barrier is
INg 0dGa 9AS/Aly :Gay -As QW1, that the magnitude of such used to confine electrons. Sec_ohdsitg cleavage and Iayer-
contribution is far less than 10 meV. This is becausedy-layer growth are more difficult with AlAs, and AlAs is

*op=28 meV in sampleN2 is increased fronE*; ,p rather easily QX|d|zed and 'degradet’jk, compared with
=18 meV in sampleS1 by only 10 meV, while the enhance- Alo3Ga&7As. Third, to further increasé&;p ,p, We have
ment of E*,,, expected proportionally to the increased More design flexibility left with InGa, _,As, whereas further
Eo=146 meV in sampleN2 from Eq=94 meV in sample reduction of QW thickness in a GaAs/AlAs QW results in a
S is also about 10 meV. Note that the rakidy ,o/Eq is type-Il structure, in which electrons are stabilized in the
almost unchanged between sampia andS1. Therefore, valley of AlAs.

: ; ; In conclusion, a  series of high-quality
Elp.op, increased by 10 meV, is dominantly caused by the ; 7
increasedEq, that is, the tightening of confinement. Since INGa,_ASIAlo Gay.AS T-QWR's have been fabricated for

the contribution of strain in samphe2 is included in the 10 the study of the leffeclztlve Iateral/(;(l)nflnemznt e_rlfdfqv%-ép-
meV as the residual minor part, it is considered to be nof?, 3-5-NM-scale 1§ GasAS/Al G AS  T-QWR'S,

more than a few meV. Further measurements and analysfsip-2o IS measured to be as large as 34 meV, where the
should be necessary to resolve all possible contribution iV@ve-function penetration into the barrier region is signifi-

* 21-24
1D-2D-

We should finally remark the point that lard&jp ,p
=34 meV is achieved without introducing AlAs barriers in
3.5-nm-scale I§Ga gAS/Alg Gay;As T-QWR's, though
it is slightly smaller tharE}, ,,=38 meV in previously re-

cant compared with the previously studied 5-nm-scale
GaAs/Al Ga ;As and GaAs/AlAs T-QWR’s. Further en-
hancement of’_,p is possible by increasing the In or Al
content in the present T-QWR’s.

This work was partly supported by a Grant-in-Aid from
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