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InAs quantum dots on GaAq2511)B: STM and photoluminescence studies
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The GaA$fll)B surface was prepared by molecular beam epitaxy and analyzsdu by scanning
tunneling microscopy(STM) and low-energy electron diffraction. Atomically resolved STM images of
GaAs(Fll)B revealed a X 1 reconstruction, terminated by Ga dimers. The deposition of 1.5 ML of InAs
onto GaA$f11)B resulted in the two- to three-dimensional transition with appearance of small InAs quantum
dots (QD’s) with a very narrow size distribution and a high number density. Low-in(dH)T), (TOT) and
(Tl)B facets, a rounded vicina()OI) region for the main part, and a high-indéb?S)B surface for a flat base
determine a shape of the QD’s that is totally unsymmetrigalsitu-performed photoluminescence measure-
ments revealed a peak of the InAs QD’s on Géﬂ%—al)B with a similar intensity to the peak from the InAs
QD’s on the reference Gaf@01) surface, but with a higher emission energy and a smaller linewidth, indicat-
ing an ensemble of QD's, smaller and more uniform in size. A small redd$tofn 1.33 eV to 1.20 eYof the
emission energy was achieved by optimizing the preparation parameters.
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I. INTRODUCTION (c) The QD ensemble onB face exhibits a narrower size
Self-organized InAs quantum dotQD’s) have been ex- distribution and a larger number density than that on the

. > . . . i 6-9
tensively investigated until recently because of tHeieo- ~ "ESPECUVEA face:

retically predictedl possibility to work as active media in (4 The InAs QD's on theA face tend to adopt an ?«é?gn_
injection lasers operating in the datacom wavelength a@@t€d Shape, whereas those on Ehface are rather round.

; : ; g The QD's start to grow with the flattest stable facets
1.3—1.55um with some improved propertiés® The QD’s (8 :
of technological interest form due to the Stranski-Krastanow!"ith respect to the substrate, which 425 11A or {137,A
(SK) growth mode, which often occurs in heteroepitaxial ©f the GaA$00]) (Ref. 5, GaAg113A (Ref. 7 and
systems with significant lattice mismatciie.g., for GaAg2 5 1)A (Ref. 11, and {135}B (Ref. 15 for the

InAs/GaAs it is 7.2%. Three-dimensiondBD) InAs islands  GaAq113)B (Ref. 6. At the mature stage the islands adopt a
abruptly arise on the 2D wetting layghWL) when the  gieeper shape, terminated by low-index regiofd2This fi-
amount of deposited material exceeds a critical thicknesgy shape seems to remain further unchanged, even by incor-
which is about 1.5-1.8 monolayefML) for InAs/  oaiion of dislocations onto the QD's, except for small
GaAg001). Being composed of a low-band-gap direct semi-yifications, like a shape elongation or faceting of the

conductor (€.g., InAs or InGa,As) and embedded in a 4 n4edi001) region. Although unstable as nominal GaAs
widg-band—gap substrate.g., Ga ‘$'. the small-si.ze.d QD's surfaces{ Ia]r}ge gf];\reas of thg37)A (Refs. 13 and 14or
confine electrons and holes on discrete atomiclike energ ' '

levels and can be employed for getting coherent radiation i.ilBS}B (Ref. 16 facets develop on the strained InAs QD’s.

the infrared wavelength range. All above-considered general QD properties may be veri-
The main structural properties, affecting the optoelecfied or even supplemented by employment the two new

tronic behavior of QD's, are the shape, size, and size distristable GaAs substrates recently discovered in our group, i.e.,

bution. These properties are found to be largely dependent agaaq2 5 1)A (Ref. 17 and GaA§2511)B. In this contri-
the orientation and atomic structure of GaAs substrates usegthion we report on the InAs QD's on G _11)B. In

Although the evolution of the InAs QD's is peculiar for each .
substrate orientation, some common similarities can be exéontrast to the other GaAs substrates, which have already

tracted analyzing recent publicatiofr3® been reported as being stable, the G2A%1)B surface is an

(a) The SK transition is realized on all GaAs substratesabsolute “virgin soil.” It has never been mentioned in any
except for low-index GaAd10, (11DA, and (111)B  Paper as being stable or unstable, although the discovery of
surfaced. Note that our definition of thé andB faces is as  Stable GaA& 5 11A presumably implies the stability of
follows: A surface in the vicinity of 111)A (with threefold- GaAg2511)B, since among the GaAs surfaces there is no
coordinated Ga atomss an “A face,” and a surface in the stable A face without a stableB one so far. Under this
vicinity of (111)B (with threefold coordinated As atomis a  Premise three questions arise in the following seque(@e:
“B face.” For a graphic illustration see also Ref. 40. is GaA$2511)B a stable surface? If so, thé€b) does the SK

(b) The symmetry of the QD’s derives directly from the growth mode occur on it? And if so, thele) what is the
bulk-truncated substrate that unambiguously proves epitaxialptical quality of the resulting QD’s? These questions are
growth during the SK transitiofr? successively addressed in the present paper by means of the
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scanning tunneling microscopySTM) in situ] and photolu- The samples were then cooled down to 430-470 °C and
minescencgPL) measurements. Although we have alreadylnAs was deposited at a growth rate of 0.075 A/s and an
reported on the atomically resolved shape of the InAs QD'#As,:In BEP ratio of about 70. The growth rate of InAs was

on GaA$ﬁ)B,9,18 we find it reasonable to integrate the calibrated with RHEED oscillations of the specular spot ac-

; : - : uired during epitaxial growth of InAs on InA801). After
previous results in this paper to makg the picture ,Complet%eposition gf g 4.518.4 A thick layer of INA§=1.5
and to understand the optical properties of the QD’s. —

As we have learned from the comparison between InAdNAS(001) monolayet onto GaA$2511)B, sharp spots ap-
QD’s on GaA$113A andB, an uniform QD ensemble oc- peared in the RHEED pattern alorjg31] indicating QD
curs only on theB face® This difference has been attributed formation. The sample heater and the In- and As-Knudsen
to a rough undulating morphology of the bare GEWA  cells were shut off, as soon as the RHEED pattern changed
surface that became even more corrugated after the InAfsom streaky to spotty. For the reference photoluminescence
deposition up to the SK transition in contrast to the behaviomeasurements the Ga@91) surface (vertical-gradient-

of the GaA$113)B surface. Except for the formation of step T€€z€-grown GaAs single crystal, 0.1° off-orientation, un-
bunches, the GaA® 5 1A surface and InAs WL on doped, Wafer Technologywvas prepared under equal condi-
GaAd2 5 1DA are free of undulation: Therefore, we ex- tions as used for GaA8511)B. The SK transition occurs on
pected the GaA511)B surface to be a very suitable sub- GaAdq001) at an InAs deposition of about 1.5 ML, which is

slightly below the reported values of 1.6—1.8 ML for similar

strate for QD evolution. Hence we have investigated the . .
atomic stgjcture and the morphology of t?we barepreparatlon conditions except for the InAs growth rate.

— ] _However, the RHEED estimation of the SK transition is
GaA42511)B surface and the InAs heteroepitaxy on this iy rough because it is dependent on the sensitivity of the

substrate. operator eyes. The amount of InAs material deposited on

Our paper 1S organlzt_ad as follows: In Sec. l! we glVeGaAs{ZSll)B before the SK transition is about equal to that
some experimental details. In Sec. Ill we combine results

) ) - on GaAg001).
and discussion for the bare Ga&511)B surface and the

g ) ' For the STM measurements of the bare and InAs covered
structural and optical prope_rtles of the.InAs QD's grown OnGaAs{ZSll)B surface, the samples were transferred to the
this substrate. The conclusion follows in Sec. IV.

STM chamber within 30 s and without breaking vacu@im
situ). STM images were acquired at room temperature at

Il EXPERIMENT negat@ve sample biases_of from -2.5 to —4.(fNMed states
were imagegand tunneling currents of 0.1-0.5 nA.

The experiments were carried out in a multichamber ul- 1"€__PL measurements were conducted on the

trahigh vacuum(UHV) system equipped with molecular GaAg2511)B and GaA$001) substrates which were identi-
beam epitaxy(MBE) and STM chambergPark Scientific cally prepared. The InAs islands were overgrown with 50 nm
Instruments, VPR Samples with a size of 810 mnf  GaAs. The first 10 nm were grown at the sample temperature

were cut from a GaA@511)B wafer (liquid-encapsulated ©f 450 °C, which was raised then to 520 °C in order to
Czochralski-grown GaAs single crystal, 0.2° off-orientation, 'MProve the qual!ty of the GaAs cap layer. PL measurements
Si-doped, carrier concentration #@m3, MaTecK). They  W€r€ performed in a closed-cycle He cryostat at 10 K using
were glued on a massiv5 g Ta holder with liquid In. Ijhe 514.5-nm line cg an Arlaser ;erﬂgxcnﬁtmn. Excitation

: : ° ensities were set between 5 W ss than one exciton
After oxide desorption at a temperatuiie~600 °C, the er QD and 5000 W/crh (more than one exciton per QD
L was spectrally dispersed by a 0.3-m monochromator and

samples were treated with several ion-bombardment and av’%
nealing cycles in UHV. The annealing was carried out unde

As, flux (at an As pressure of 4.&810 " mbap at (011 7358
[

530-580 °C. The temperature was measured by a pyrometer
that was calibrated against the G&aB@1)-c(4 X 4) to 52(2

X 4) transition at 465+10 °C. Subsequently, GaAs buffer
layers 200—2000 A were grown by MBE at the rates be-
tween 0.1 and 1.5 A/s as was calibrated with reflection high-
energy electron diffraction(RHEED) oscillations of the
specular spot acquired during epitaxial growth of GaAs on
GaAq001). During annealing and growth, the surface peri-
odicity and quality was monitored by RHEED. An A&a
beam equivalent pressu(BEP) ratio was set to 7—20. Note
that the diffraction patterns of fairly good quality from

GaAg2511)B appeared only after some GaAs growth. To get )

the best quality of the bare surface for STM measurements, {007)

the samples were kept at the temperature of 550 °C for

5 min without an As supply from the Knudsen cell—i.e., FIG. 1. Stereographic triangle for the GaMssurfaces. The
under less As-rich conditions. position of the GaA@511)B is marked with a cross.
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FIG. 2. (a) LEED image of the GaA® 5 1A surface(E=59 eV) with a schematic sketch of the surface net in reciprocal space
(left-hand sid¢ and in real spacéight-hand sidg (b) LEED image of the GaA2511)B surface(E=56 eV) with a schematic sketch of the
surface net in real spadieft-hand sid¢ and in reciprocal spacgight-hand side The vertical line between figuréa) and (b) indicates a
plane running perpendicular to the Gd2$% 1A or B, around which the mirror operation has been carried out.

detected with a liquid-Btcooled Ge pin diode using lock-in X 1) As-rich surface® has been calculated using density-
techniques. Note that the STM measurements require highljnctional theory. The GaA$12)B (Refs. 25 and 26and

doped GaAs substrates, whereas for the PL measuremer&saAs{Fg}B (Ref. 27 on the ST edges and GajAS5)B

one usually uses semi-insulating GaAs in order to reduce th O .
background signal from the doping levels. Since for the STM{eRef' 18 inside the ST are found to decompose into stable

technique one needs highly doped substrates, the PL specf@AS surfaces. We will show that up to now Ga2&11)B is

. . the only known stabl® surface located within the ST.
of the GaA$2511)B samples show high background inten- In order to understand the surface structure of

Sity. GaAgq2511)B it is convenient to refer to the surface structure
of GaAg2 5 11)A. Low-energy electron diffractiofLEED)
I1l. RESULTS AND DISCUSSION images of GaAQ 5 11)A andB are compared in Figs.(@
— and 2b), respectively. A simple mirroring of a 2D net in
A. Surface and step structure of the bare GaA&511)B reciprocal space on the LEED image in Figa)2leads to a
surface complete superposition of the LEED spots in reciprocal

For the graphic representation of the Gaﬁl)B loca- Space in Fig. @) [in Fig. 2 this mirroring is carried out
tion in space one can use the stereographic projection of th@round the(19 10 § pland. Note that the intensities of the
orientations constructed for th® faces; i.e., the faces are LEED spots differ after the mirroring, indicating a different
projected onto the equatorial plane from a point at the norttatomic filling of the unit cell as expected. The same opera-
pole of the sphere. Because of the crystallographic symmdion transfers the real space unit cells into each other as
try, it is sufficient to restrict these projections to the stereoshown in Figs. £a) and 2b) below the respective LEED

. , ~ images.
graph|c tnangIdST)_ with the (002), (Ollmd(lll)B IOW_ The spots on the LEED image in Figl2 are very sharp,
index surfaces at its corners. The GaZ&l1)B surface is  \yhich indicates a high surface perfection. Almost all reflexes
situated within the ST and is surrounded by sobhéaces, gre visible which is different from other stable high-index
mentioned in the literature, as shown in Fig. 1. surface€228 A splitting of spots(indicating facetingin the

Stable GaAsS3 surfaces have been found only on the ST| EED image in Fig. ) is not observed, which is the first

edges: the(111)B,* {113}B,?? and {114}B.%* The structure  gyidence for the stability of the Gaf2511)B surface. Since
of the GaA$111)B-(2x 2) As trimeP* and GaA$§113)B-(1  the spots in@) are arranged in an oblique net with two dif-

045336-3



TEMKO et al. PHYSICAL REVIEW B 71, 045336(2005

As Ga added Ga

[453] e o o
prancaiet 0
3 el % L 1 (51
B se el

gty i

':3:'3‘:3 %‘%ﬂ 3

RO MRE e B0 POty
. ::-3,: ot ;I‘f} R IO

FIG. 4. Top view of a ball-and-stick model for thexil recon-

FIG. 3. High-resolution STM image of the Ga®511)B sur- structed GaA®511)B surface. The size of the circles representing
face. The solid markers at the image border indicate the trenchabe atoms was chosen according to their vertical distance from the
between the dimer stripes. The unit mesAeendB are depicted as uppermost atom. To arrive at the reconstructed surface, the lighter
black parallelogramg120x 120) A%, U=-2.55 V, andl=0.1 nA. shaded Ga atoms have been added to the bulk-truncated surface.

) . . The numbers near the As and Ga atoms show which atomic layer
ferent smallest unit cells, two different unit ces andB" ey pelong to, counting from the top. Within unit mesIDB's are
can also be extracted from the periodicity(b). As the areas  inclyded, the As atoms are depicted with bldsklid) DB's, the Ga
of both unit cells are equal, they both are equivalent. Not&ioms with white(open) DB's.

that none of the real-space basis vectors in Figa) and _
2(b) are parallel to any of the reciprocal-space basis vectorgnd then exchange the As and Ga atoms. These operations
because of the oblique surface unit cells. The extracte@'e necessary because bulk GaAs does not exhibit inversion
lengths of thg2511)B basis vectors for unit cell&” andB* ?Yr!‘me”y- In contrast to Ga@ 5 1)A (see Ref. ;Ytheab

from LEED images are in real space equal1d.0+0.5 A initio total energy electronic structure calculation has not

. R been performed for th8 face, and precise positions of the
and (20.00.5 A, with an enclosed angle d67+2)° and  Aq"and Ga atoms are unknown. Therefore, Fig. 4 shows the

(11.0+0.5 A and (18.5+0.5 A, with an enclosed angle of atomic structure derived from the STM images provided the
(80+2)°, respectively. Hence, there is a large similarity for relaxation of the atoms is similar to that shown in Ref. 17 for
the structure of the GaA8 5 11)A andB surfaces. the A face. Black, white, and grey balls depict As, Ga, and
A high-resolution (120x 120 A> STM image of the adsorbed Ga atoms, respectively. The 1 unit meshesA
GaAg2511)B surface is shown in Fig. 3. The surface con- a”fj B are shgwn as shaded parallelograms. The vectors of
sists of stripes along231] marked by solid lines on the unit meshA lie along [453] and [231]. The unit vectors

image border. The stripes contain a little series of three whit@/ong[311] and[231] form the equivalent unit medB. Both
humps. These series in neighboring stripes are phase shiftetieshes correspond to the bulk-truncated Gask1)B sur-
i.e., they are not aligned, but each series in the next stripe i&ce onto which two Ga atoms were adsorbed that are de-
located between the series in the previous stripe. As can bsicted as grey balls. This model is in agreement with the
seen, lines of deep holes separate the stripes. experimental fact that the surface becomes well ordered only
Two shortest unit meshes labelédand B can be con- after some GaAs growth and annealing without supply of
structed from the periodicity in Fig. 3. As has been shown inAs,. Black bars indicate the GaGa bonds in the Ga
Ref. 29, it is convenient for the structural model to use thedimers. The Ga dimers repose on four As atoms, the two
unit meshA (comprising a complete series of As dimers uppermost of which exhibit one dangling boriBB) per
together with the unit mesB (exhibiting the shortest unit atom. According to the electron-counting rlECR), each
vectorg. They correspond to the unit cells’ andB™ in re-  As DB should be filled with two electrons as well as each
ciprocal space on the LEED image in FighR The lengths Ga—Ga bond of the Ga dimer. Therefore, we assume that on
of the vectors measured from the STM images are in perfeahe filled-states STM image in Fig. 3 the Ga dimers together
agreement with those from a modgee below. For unit  with the underneath lying As DB’s make up white humps
meshA the lengths are 10.6 and 20.0 A, and the enclosethat are very difficult to resolve into the separated DB'’s be-
angle is 67.8°; the respective values for m&shre 10.6 A,  cause of the small spacing between these features. The lines
18.9 A, and 80.7°. The vectors of meatare directed along  of deep holes on the STM image in Fig. 3 may stem from the
[453] and[231], those of mesIB along[311] and[231]. !ow-!ying Ga dimers _vvhose Ga atoms are numbere_d 3and 6
A ball-and-stick model for the Ga@)B surface is N Fig. 4. The Ga dimers are arranged in the series along
presented in Fig. 4. In order to get a coincidence of thi 121] (see the dotted line in Fig,)Awhich is inclined to the
model with the one for GaA2 5 11)A one should mirror the surface plane such, that the right-hand side lies higher than
latter around any plane perpendicular(®5 11), rotate the the left-hand side. The three Ga dimers form the above-
result by 180° around an axis perpendicular to the surfacementioned series that are shifted aldr&$l]. Between the
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series there are trenches, which comprise filled As DB'’s
(numbered by 9 on the right-hand side of Fig, taking a
positive excess charge of +3/4 electrons and giving the sta-
bility to the whole structure. The reconstructeck 1 unit
meshesA and B contain nine Ga DB'Y+27/4 electrong
seven As DB's(-21/4 electrons and three Ga-Ga bonds
(—6/4 electrong so that the structural model fulfils the ECR
and the surface is semiconducting.

Because of the large similarity to Gaf@s5 11)A, we do
not show the model for the bulk-truncatedideal)

GaAg2511)B surface. The main points described in Ref. 29
by the consideration of the bulk-truncated G&AS 1)A
surface can also be applied here: Neither the bulk-truncated

nor the 1x 1 reconstructed GaA28511)B surface exhibit any
symmetry plane; atoms with two DB’s are energetically un-
favorable, so the bulk-truncatedxil surface does not exist.
The Ga dimerization is in accordance with the general prin-
ciple that the number of DB’s at a surface should be as small
as possible.

The vertical positions of the atoms, extracted from the
bulk-truncated model with an addition of the two adsorbed
Ga atoms, are numbered in the right-hand side of Fig. 4 in
order to show the complexity of this surface reconstruction.
Note that the actual relaxation of the atoms is unknown so
far. The spacing between the horizontal atomic planes for
GaAd92511)B is the same as for thé face—i.e., only
0.23 A. The grey Ga atoms occupy the highest positions
within the unit meshes. From the third atomic layer on there
are one Ga and one As atom in each plane, as the bulk-
truncated GaA®511)B surface is stoichiometric. The recon-
struction comprises nine atomic layers. Beginning from the FIG. 5. Overview STM images from two different locations on

tenth layer thia_toms have bulklike bonds. the nominal GaA@511)B surface:(a) (1x1) um?, U=-3.0 V, |
The GaA$2511)B surface morphology is shown in Figs. =0.136 nA, the off orientation is derived to 0.25° aft) 5000

5(a) and §b). The actual off-orientation extracted from many x 5000 A2, U=-2.5 V,1=0.11 nA, the off orientation is derived to

STM images for GaA®511)B seldom exceeded 0.3°. The 0.25°.

1x 1 um? large STM image in Fig. @ exhibits many ter-

races up to 1000 A in width separated by steps, running B. Structural properties of InAs QD's on GaAs(2511)B

roughly along thg231] direction. Across the whole image , —

the surface declines from the left-hand to the right-hand side. AN ensemble of InAs QD,S on GaAz511)B is presented

The average direction of the off-orientation is approximatelyi” Fig. 8@. Many small QD's with an average number den-

[311]. The step height has been measured-@sA. There- sity of 1.6x 10" cm™? are recognized together with few
' ' large islands, one of them being marked by an arrow. All

fore, we Fh'nk that these steps are equal to the_ steps alOqglands develop with the same orientation relative to the sub-
[231], which have been called type “a” and described in Refstrate and exhibit a uniform shape, which does not change
13 for the vicinal GaA& 5 11A surface, although they of- for substrate temperatures during preparation between 430
ten run with an opposite off-orientation direction along and 470 °C. The uniformity of the QD ensemble is reflected
[311]; see Fig. ®). This figure shows another 5000 in the size distribution diagram in Fig(i§. About 70% of

X 5000 A large area of the surface with two bunch struc-the islands exhibit a length alon@11] between 15 and
tures running parallel to thE311] direction. The height of 20 nm and about 20% of them a length between 10 and

the step bunches on Ga@ﬁ—ll)B has been measured to be 12 M. (The length is measured at the bottom of the QD

A wi A in wi along the middlg. The average height of the QD’s is
up to 10 A with (011) step walls up to 30 A in width. The 5 5.+ 3 nm. This narrow size distribution presumably de-

step bunches occur rather seldom. Except for the smallgfyes from the elastic strain in the QD’s and indicates a co-
angle of the off orientation, the morphology of nominal herent(dislocation-freg nature of them. The few large is-
GaAgq2511)B and(2 5 1DA (Ref. 13 surfaces is very simi- lands contribute to the tail at larger sizes in Figh)6 The

lar. large islands do not exhibit a certain size and are probably
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% 23 FIG. 7. (8 STM image with InAs QD’s grown on #2511)B
@ o0 wetting layer (U=-3.0V, 1=0.1 nA, T=430°C, 1.5 ML. (b
E,E, Atomically resolved STM imagederror signak=constant height
10 mode of InAs QD’s on GaA§2511)B (U=-3.0V,1=0.3nA, T
=450 °0O.
0.4 04 1.0 0.4 0.25
0 . .
10 15 20 25_ S0 3_5 <0 45 50 53 68 65 up the cations to form bulklike bonds and, therefore, may
(b) Size of islands [nm|

slow down their diffusion. This may lead to an increase of
. . . , the number of nucleation events on the surface and to an
Gaifz'S—S'l)(E‘? T(?]verv;?:/v ST™M '_mj_getw'th ||nAs QD Shgmv:n_ Tn OIincrease of the QD number density that is usually higher by
. € wnite arrow Indicates a large inconerent Islan . P, J———
[(5000% 5000 A%, U=-3.5V, 1=0.4 nA, the sample temperature °N€ order of magnitude ofi13)B (Ref. 6 or (2511)B than
T=430 °C, InAs thickness is 4.5+0.4(A5 ML)]. (b) Size distri-  ©N (113A (Ref. 7 or (2 5 1].)A_ (Ref. 11 substrates. The
bution derived from 1560 islands in percétite % values are given general problem of Asdissociation on th@ faces and pos-
above the respective columns sible difficulties with the incorporation of Ason the QD
facets—during the evolution of the QD&Ref. §—may
formed through coalescence of QD's. They are presumabl .ield the effect that the dense array of the _QD’s grows rela-
incoherent; i.e., a dislocation is inserted at the interface. Ively slowly and In ato”.‘s have e_nough time to check up
Figure ) presents a 10081000 A large area of the many islands before an incorporation event. As the smaller

. , i . islands are believed to grow fas®rthis would result in a
(2511)B surface with InAs QD S The WL is highly disor- homogeneous, uniform QD ensemble. Thus,B®ubstrates
dered and covered probably with As atofffiecause of the

i . i . wars should be generally preferred for the QD application.
As-rich preparation conditionsvithout any periodicity. That Figure Tb) shows a 60& 600 A? large, atomically re-
is quite different from the InAs WL on GaAB 5 1DA™  go1yed STM image highlighting the QD shape. The QD's are

where the original stripes made up from As dimers are stilkerminated by several well-developed facets 1-4 and a par-
aligned along[231]. On the disordered structure one may tially rounded region 5. Facet 4 is a flat base extending in
expect a great number of broken As bonds, which may catcfront of facets 1 and 3 on the upper left-hand side of the
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sketched in Fig. &). There is no mirror symmetry on the
QD’s in agreement with the substrate symmetry. Low-index

(011), (101), and(111)B facets and a rounded vicinéOOI)
region for the main part, and a high-inde€35)B surface for

a flat base, extending in front of tmel_l) and(111)B facets,
determine the shape of the QD’s. The facets are inclined to
the substrate with different angles, which may result in dif-

ferent growth speed that may be higher for the steépet)

and vicinal(001) facets, yielding a compact QD shape with-
out an elongation into any specific direction. In addition,
there should be difficulties by the incorporation of,Asol-
ecules onto all the facets, except for the round region be-
cause neither the facets nor the substrate exhibit As dimers as
a building blocks for their reconstructioisee also Ref. )8

This facet growth kinetics together with the poorly ordered
InNAs WL can account for the very narrow size distribution

and high number density of the InAs QD’s on G&2&11)B.

C. Optical properties of InAs QD’s on GaAs(2511)B

After having a complete structural characterization and
some conclusions on the optical activity, it was very impor-

tant to test the InAs QD ensemble on Gé2&11)B by op-
tical measurements for samples prepared at the same condi-
tions and by the same group. Figure 9 shows normalized PL
spectra of one single sheet of InAs QD’s with low
(5 W cnmi?, solid line and high(5000 W cm?, dotted ling
excitation density. The Gaussian-like PL peak which is cen-
tered at 1.34 eV is ascribed to the QD’s and has a full width
at half maximum(FWHM) of ~45 meV for low excitation
@) density. The small blueshift of the QD luminescence at high
excitation density(dotted ling can be explained by the for-
FIG. 8. Atomically resolved STM imagederror signal mation of antibonding biexcitoAsthat may appear in the
=constant height modeJ=-3.0 V, 1=0.1 nA of (a) the (011) small and unsymme;rical QD’s like those shown in Figs.
facet[the size is(47x 47) A2], (b) the (101) facet[the size is(34 6—8. The peaks are intense and cover the energy range ex-

% 34) A2 the (111B-(2x 2) facet [the size is (7 pected for th_e small—siz.ed.InAs QD_'s. .
39 ~), and (O the (ILDB-2X2) facet [the size s (78 For the highest excitation density a second peak arises,

x 78) A?], and (d) the (135)B-c(2%x2) facet [the size is (48 : ; ; : :

X 48) A?]. Lettersm and n mark unit cell vectors(d) Schematic \:ILVZICePl/rr;ggthl;eslgd;\c/:Ve:NtlJ ghzesvr\:]sz h;ﬁqzzl:;agetgt%‘zdé_t
model of InAs QD’s on GaA®511)B. Darker grey scales corre- combination in the InAs WL on Gaj(\$00).39 Despite the
spond to steeper facets. reduced thermal energy of the carriers at 10 K, the very high

island in Fig. Tb). Interestingly, the QD’s do not exhibit any density of the InAs QD’s on GaA2511)B may allow elec-
symmetry plane perpendicular to the surface. This mirrorgrons to find the ground-state level in nearby dots, thus sup-
the substrate symmetry and is expected for epitaxial growthpressing WL recombination for the excitation densities be-
Furthermore, similar to the InAs QD’s on GaA&3)B there  low 5000 W cm?. No other peaks are found showing that
is no elongation, in contrast to the respectivéaces. the InAs QD’s on GaA®511)B with the measured diameter
In Figs. 8a)-8(d) we show the individual facets with of 175425 A[see Fig. 6b)] are so small in size that only the
atomic resolution from which the facet orientation could beground-state levels are confined.
derived. Facets 1, 2, 3, and 4 are identified @kl), (101), It is well known that a vertical stacking of InAs QD’s can
(111)B, and (135)B surfaces, respectively. The comparisonimprove the optical properties of QD lasers and can yield an
between STM data and geometrical values is listed in Tablécrease of the active volume, a shift of the emission to
. The rounded region 5 is not shown in detail in Fig. g8longer wavelength, and a decrease of the emission
because it does not exhibit an ordered facet. From geometrtinewidth > This improvement is reported to result from the
cal considerations, af001) surface, which is inclined to strain fleld_of u_nderlylng dot sheets, which can influence the
i dot formation in the sheet above, as well as from the elec-
(2511)B by 26.1°, should develop in this area. The shape ofronic coupling of all dots, which increases the effective

InAs QD’s grown on GaA@511)B is schematically height and, therefore, reduces the effect of QD size

(111)B
31.9°
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TABLE I. STM-derived and geometrical values from the individual facets observed for InAs QD's on the
GaA5(251_1)B substrate.

Angle against Length of unit
(2511)B (deg cell vectors(A)
Facet Facet
No. plane Expt. Geom. Expt. Geom.
1 (01_1) 204 225 5.9+0.3 6.0
4.3+0.3 4.0
2 (TOT) 38+4 41.4 5.8+0.5 5.5
4.4+1.0 3.7
3 (111)B 31+3 31.9 8.5+0.8 8.0
8.5+0.8 8.4
4 (135)B 6+3 6.4 11.3+0.5 11.2
9.0£0.5 9.6

fluctuations® (A prerequisite is a thin GaAs spacer thicknessthe excited statéwhich increases the possible number of
between the InAs QD sheets up to ten QD heigHsgure  excitons per QD from 2 to)éand the stacking, the probabil-
10 shows the PL spectra of five InAs QD sheets onity that the WL is populated is very small. Therefore, the WL
GaAs(fll)B with a GaAs spacer thickness of 50 A, which luminescence ca_nnot be seen i.n the _PL spectra in Fig. 10_for
is roughly twice as large as the average QD heightthe 5Xx QD stacking or,_respectlvely, is overlapped by lumi-
(22-25 A). The spectra are similar to those in Fig. 9 with nescence from the excited state. .

exception of the following differences: The intensities of the Figure 11 shows a quantitative comparison of the PL
QD peak(for the same excitation densitjeare higher for the ~SPectra of InAs QD’s on GaAg511)B and GaA§001) sub-
vertical stacking; the QD peak is centered at 1.3 eV and : T . T T

shows a FWHM of~30 meV. Thus, the desirable shift of  (2) iy

the emission energy~34 me\) and a decrease of the line- I

width of ~15 meV can clearly be detected for the vertically

stacked InAs QD’s on GaA2511)B. In contrast to the
single-QD layer, the stacked QD’s show an excited-state
transition for highest excitation density with a FWHM of
55 meV as shown in Fig. 10). This can be explained by the
larger confinement of the stacked dots that also leads to the
observed red shift of luminescence. Due to the existence of

5x(2511)é
t 1x(2511)B

PL intensity [arb. units]
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FIG. 9. Normalized linear scale PL spectra of InAs QD’s grown
on GaA$fll)B (T=430 °C, 1.5 ML) acquired with different ex- FIG. 10. Decimal logarithmic scale PL spectra of single InAs
citation densities. Excitation density was 5 and 5000 W#dar QD layer (solid line) and 5< QD stacking(dotted line grown on
solid and dotted lines, respectively. Peaks related to the QD’s, th&aAg2511)B (T=430°C, 1.5 ML acquired with low
WL, and the GaAs near-band-edge emission are marked. (50 W cn?) (a) and high(5000 W cn?) (b) excitation density.
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FIG. 12. Linear scale PL spectra of the InAs QD’s grown on

_FIG. 11. Linear scale PL spectra of the InAs QDs grown onGaAg2511)B with modified growth conditions. The solid, dotted,
different GaAs substrates. The QD's and GaAs bulk-related peakgnd dash-dotted lines correspond to the InAs thickness of 1.5 ML
are labeled. Excitation density was 5 W @n (T=430°0), 2.0 ML (T=500 °Q, and 3.0 ML(500 °O), respec-

) ) tively. The QD’s and GaAs bulk-related peaks are labeled. Excita-
strates. The solid, dotted, and dash-dotted lines correspond {@, density was 50 W cr?.

one single sheet of the QD’s on nomind01), 5X QD

stacking on(2511)B, and one single QD sheet ¢8511)B, transition3® The third way is to make large dots by reducing
respectively. All QD’s are grown at the same sample temInAs growth rate®® However, we use one of the smallest
peratureT=430 °C with an InAs thickness of 1.5 ML to rates reported in the literaturéd.075A/s=0.025 ML/s,
achieve the onset of the SK transition. As can be seen, th@bout 60 s to achieve the SK transitioAs we have seen for

Gaussian-like PL peaks of the InAs QD’s on G&2&11)B  the InAs QD's on GaA&l13)B (Ref. 37 an increase of the
(dotted and dash-dotted lineexhibit the same or even Sample temperature from 435 to 490 °C results in a dou-
higher intensity than the peak of the QD’s on commonlybling of the QD size, accompanied, however, by a decrease
used GaA®O01). The PL peaks, depicted by the solid, dotted,0of QD number density by an order of magnitude. Being un-
and dash-dotted lines, are centered at 1.27, 1.30, arble to perform a systematic PL study because of the lacking
1.33 eV, with the FWHM values of 66, 30, and 45 meV, of a PL facility at the Fritz-Haber-Institute, we have tried to
respectively. It means that the QD’s on G@)B, pre- simultaneously employ all these tricks to shift the emission
pared under the same MBE conditions, are smaller and mor@1ergy of InAs QD’s on GaA&511)B to the low-energy
uniform in size than those on Ga@®1). This should be range.

related to the atomic structure of both substrates—i.e., to the Figure 12 shows the PL spectra of one single sheet of
differences in adsorption, desorption, and migration of IninAs QD’s on GaA$2511)B. The solid line corresponds to a
atoms and As molecules on the differently reconstructed reference sampléFig. 9) due to the QD’s grown at 430 °C
surfaces. The integrated intensity is highest for thewith an InAs thickness=4.5 A (=1.5 MLy, and over-
GaAg001) substrate. However, highly doped G42511)B  grown with 50 nm pure GaAs as described in Sec. Il. The
wafers have been used for the PL, which likely results in arflotted line stems from the InAs QD’s grown &t500 °C
absorption of photons by the substrate dopants. Thus, lowwith =6 A (=2.0 ML) and overgrown at the same tempera-

doped GaA&511)B is expected to be suited as a substratduré With 7. nm of I3 ,Ga oAs and then with 43 nm of pure
for the growth of InAs QD's with an especially narrow size GaAs. The solid, dotted, and dash-dotted lines are centered at

distribution—i.e., a small PL linewidth. 1.33 eV (FWHM=44 meV), 1.22 eV (FWHM=62 meV),

There is an interest in developing InAs-QD-based device@nd 1.22 eMFWHM=105 meV}, respectively. Thus, a red-
emitting in the datacom wavelength region around Ar8 shift can be ac_hlev_ed, however b_y only 0.1 eV to the value
(954 meVj. This would allow the realization of datacom Of 1.22 eV, which is of course still far away from 0.95 eV
sources cheaper and less temperature sensitive than coft=3 #M) needed for the QD applications. The redshift seen
monly used InP-based devicgsTo extend the emission for the dotteq line is accompanied by a rgduptlgn of the in-
wavelength to 1.3um from the single-QD sheet one em- tegrated.PL intensityby a factor .of 4, which is in agree-
ploys usually some special tricks, among which the first onénent _with our STM observations for InAs QD’s on
is to embed the InAs QD’s into an J@a,_,As matrix (with ~ GaAg113)B, where an increased sample temperature yields
In contentx<0.3). A resulting redshift has been observed a decrease of the QD number densityrhe increase of the
even beyond 1.2im and has been attributed to an increaseFWHM value for the dotted lind€in comparison with the
of the dot height caused by spinoidal-activated decomposisolid ong does not agree with the literatu(see, e.g., Ref.
tion and to a reduced strain in the InAs QB4 Another  38), where a reduced linewidth has been reported for an in-
way is to deposit more InAs as needed for the SKcrease of the sample temperature. The dash-dotted line cor-
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responding to the 3-ML InAs QD's, shows a degradation ofsmall InAs QD's on GaA&®511)B with a very narrow size
the single Gaussian-like peak and a high FWHM value. Thejistribution and a high number density. There is no mirror
peak is centred at 1.22 eV, which is next to the PL fromgymmetry on the QD’s in agreement with the substrate sym-

2-ML InAs QD’s. It indicates that between 2 and 3 ML of . T
InAs deposition the islands have not increased in size, bur,petry. Low-index (211)’ (101), and (111)B facets and a

have become degraded probably through the incorporation ¢Punded vicinal(001) region for the main part, and a high-
dislocations after a certain QD size. index (135)B surface for a flat base, extending in front of the

As we have shown, it is in principle possible to shift the (01_1) and (111)B facets, determine the shape of the QD's.
PL peak of the InAs QD's on GaAg511)B to smaller ener-  The facets are inclined to the substrate with different angles,
gies. One should probably not use the high sample temperashich may result in_different growth speed that may be

ture for the overgrowth procedure, which may reduce the QQyigher for the steepdl01) and vicinal(001) facets yielding
size throug'h an intermixing of InAs in the GaAs matrix, in compact QD shape without an elongation into any specific
order to shift the QD peak further. direction. In addition, there are probably difficulties for the
IV. CONCLUSION incorporation of Ag molecules onto all the facets, except for
_ the rounded region. This facet growth kinetics together with
We prepared here Gaf511)B and found that it is the the poorly ordered InAs WL, which can reduce the diffusion
only known stable compound semiconductor surface locatetength of In atoms, may account for the very narrow size
within the stereographic triangle for th# faces. The STM distribution and high number density of the InAs QD’s on
images and LEED pattern indicated a very stable surfac&aAq2511)B.
structure with a X1 reconstruction. The ball-and-stick  The Gaussian-like PL peak of the InAs QD's on

model of GaA$2511)B is proposed in analogy with that for GaAg2511)B exhibited a similar intensity as from the InAs
the A face: The mirroring of the GaA& 5 1DA surface, QD’s on commonly used GaA@01), but a higher emission
terminated by As dimers, around any perpendicular planegnergy (about 1.3 eV. A smaller FWHM (about 40 mey
and exchanging the As and Ga atoms leads to théndicated a smaller and more uniform size of the QD en-
GaAg2511)B surface, terminated by Ga dimers. The semble on GaAg511)B in agreement with our STM mea-
GaAgq2511)B-1x1 reconstruction fulfills the electron surements. A small redshiffrom 1.33 to 1.2 eV of the
counting rule and yields a reduced number of dangling bond§émission energy was achieved by using vertical stacked
compared with the bulk-truncated surface. No symmetryQD's or by an increase of the sample temperature and InAs
plane exists on bulk-truncated and reconstructedhickness of the dots embedded in @ {8& /As cap layer.

GaAg2511)B. The morphology of the nominal
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