Effects of Be on the II-VI /GaAs interface and on CdSe quantum
dot formation
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The effects of Be on the 1I-VI/GaAs interface and on CdSe quantum{@D) formation were
investigated. A (X 2) surface reconstruction was observed after a Be—Zn coirradiation Qe

GaAs (2x4) surface. ZnBeSe epilayers grown after the Be—Zn coirradiation show very high
crystalline quality with x-ray rocking curve linewidths down to 23 arcsec and a low etch pit density
of 4x10* cm™2, and good optical quality with a band-edge photoluminescéPtieemission peak
linewidth of 2.5 meV at 13 K. However, ZnBeSe epilayers grown after Zn irradiation alone have
poor crystalline quality and poor optical properties. Atomic force microscopy measurements show
that CdSe QDs grown on ZnBeSe have higher density and smaller size than those grown on ZnSe.
A narrower PL emission peak with higher emission energy was observed for the CdSe QDs
sandwiched by ZnBeSe. These results indicate that the formation of CdSe QDs as well as the
II-VI/GaAs interface are modified by the presence of Be. 2@01 American Vacuum Society.
[DOI: 10.1116/1.1388209

[. INTRODUCTION monolayergMLs) of BeTe as a buffer layef High quality
) ZnBeSe has also been obtained by using a Be—Zn coirradia-

Self-assembled quantum dd@Ds) are of great interest {jon of GaAs surface, in which the GaAs buffer layer surface
due to the low dimensional physical phenomena they presegag exposed to a combined Be and Zn flux for 20 s before
as well as their high potential for novel device applications.initiating the growth of ZnBeS&! The change of the surface
So far, most of the investigations have involved Ill-V sys- -gnditions by adding Be and the expected higher bonding
tems, such as(In, GaAs/GaAs;® InP/InGaP} and  energy for Be alloys may be the reasons for the high quality.
GaSb/GaAs, which are suited for near infrared range appli- |n view of the pronounced effect of Be treatment of l1-VI/
cations. Much less work has been done in II-VI systems)||_y interface on the ZnBeSe quality, one might expect that
which are attractive for optoelectronic applications in thegg may also affect the formation of CdSe QDs. Here we
blue-green spectral regions. CdSe QDs grown on ZnSe angtesent our results of effects of Be on the I1-VI/GaAs inter-
ZnMnSe have been reportéd.These uncapped CdSe QDS face and on CdSe QD formation. A KI2) surface recon-
are relatively large and exhibit intermixing with the underly- gtrction was observed after a Be—Zn coirradiation of the
ing layer. Furthermore, they are unstable and a ripening begsaas (001) surface. ZnBeSe epilayers grown with the
havior has been obsery@d. _ Be—Zn coirradiation show much higher crystalline quality

Another extremely important issue for the growth of 53nq petter optical properties than those grown with a Zn
lI-VI materials, typically grown on llI-V substrates, is the jragiation alone. Atomic force microscoppFM) and pho-
lI-VI/II-V interface quality. In the case of the growth of {o|yminescencéPL) measurements show that the formation

ZnSe-based materials on GaAs, it is important to avoid anyf cdSe QDs is also modified by the presence of Be on the
tendency to form a Se-(21) surface reconstruction on the g rface.

GaAs surfac&.On such a surface, isolated islands are easily
formed, and very high density of stacking faults are pro-
duced. This is believed to be related to the formation ofil. EXPERIMENT

Ga,Se; at the interface.
Beryllium chalcogenides have a high degree of covalent Al the samples were grown by MBE on GaA01) sub-

bonding compared to other wide gap 11-VI semiconduc?ors.Str""tes in a dual chamber Riber 2300 system, which has a

High crystalline quality ZnBeSe alloys have been successhi—V growth chamber and a 1=Vl growth chamber con-

full b lecular b it BE) USi f nected by ultrahigh vacuurfUHV). For QD formation, in
ully grown by molecular beam epitaxMBE) using a few order to achieve a flat growth front, a 200 nm GaAs buffer

dCurrent address: EMCORE Corp., 394 Elizabeth Ave., Somerset,layer’ 30. periods of2 nm GaAs/2 nm AlAp Short_perlOdo .
NJ 08873; electronic mail: shipinguo@emcore.com superlattice and a 30 nm GaAs |§Y?r were grown at580°Cin
PElectronic mail: tamar@sci.ccny.cuny.edu the 1lI-V chamber after the deoxidization of GaAs substrate
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Fic. 1. RHEED patterns of the GaA80D) surface after the Be~Zn coirma-  p5 5 structure models of a (42) GaAs(001) surface with Be/zn dimers
diation[(a) and (b)] and of the ZnBeS@l) surface grown under Se-rich after the Be/Zn coirradiatiof®) and of a (2<1) ZnBeSe001) surface with
conditions[(c) and(d)] along[110] and[110] azimuths. Se dimers grown under Se-rich conditiofis.

under an As flux. Then the substrate with 1lI-V buffer layers
was transferred into the 11-VI chamber in UHV. Prior to the Be—Zn coirradiation of the GaAs surface, a stable<@)
growth of 1I-VI epilayers, a Be—Zn coirradiation of the RHEED pattern was observed. Such a(2) surface recon-
GaAs surface was performed at 170 °C to avoid the formastruction is not observed on the GaAsX2) surface ex-
tion of GaSe;,, which is believed to be related to the forma- posed only to a Zn fluXZn irradiation. In that case, the
tion of stacking fault§. Once the substrate with the buffer RHEED pattern remains (24), although slightly diffuse,
layer was transferred to the II-VI chamber, the main shutteafter the Zn irradiation. On the other hand, ax(2) Se
was opened immediately for 20 (the Zn and Be shutters exposed GaAg$001) surface has been previously observed
were already open For the Zn-irradiation case, the GaAs and it has been shown to be due to the formation of a full
surface was exposed to a Zn flux only, with the Be shutteML of Se dimers along th€110] direction® Analogous to
closed™* Then the substrate temperature was increased tthis, we propose that the observedx(2) surface recon-
250°C and a 6 nnZnSe buffer layer was grown. After this struction is most likely due to the formation of a full ML of
Zny oBey gsS€ (or ZnSe epilayers, which are nearly lattice Be/zn dimers along thEL10] direction. Figure £a) shows a
matched to GaAs, were grown at 270°C. CdSe QDs wer@roposed structure model of such ax2) surface. This
formed by depositing 2.5 MLs of CdSe on ZnBe®eZnSe  structure is one of several possibilities that arise when
surface with a substrate temperature ranging from 250 telectron-counting rules are applied to satisfy the bonding of
380 °C and with a growth interruption of 30 s. For PL mea-the surface atoms. Which of these surfaces is most likely to
surement a 100 nm ZnBe$er ZnSe top barrier was grown  form and how they are actually formed during growth is
to confine the carries in the QDs. difficult to predict and is beyond the scope of this article. A
Reflection high-energy electron diffractiRHEED) was  (1x2) surface reconstruction on Zn terminated ZriS@1)
used forin situ monitoring of the growth process and AFM surface based on Zn dimers along {Hel0] direction has
was used foex situcharacterization of the surface morphol- also been proposéd,but has not been previously observed
ogy. The crystalline quality and Be concentration were asby experiments during MBE growth of ZnSe-based materi-
sessed by double crystal x-ray diffracti@d@CXRD) mea-  als. ZnSe(001) surface under Zn-rich growth conditions
surements using CKl,; radiation. Etch pit densit)(EPD) typically exhibits ac(2x2) surface reconstruction which
measurements were carried out using either 0.2%as been shown to be related to the formation of a half ML
Br,/MeOH at room temperature or 32% HCI solutions atof Zn atoms on the surfatéwhile the ZnSe(001) surface
60 °C!* PL measurements were performed at 13 and 77 Kinder Se-rich growth conditions usually exhibits ax(®)

using the 325 nm line of a He—Cd laser for excitation. surface reconstructiofassociated with Se dimers along the
[110] direction.® The absence of a (42) surface recon-
[Il. RESULTS AND DISCUSSION struction on the Zn-irradiated GaA601) surface as well as

on the Zn-terminated ZnS€001) surface during MBE
growth suggests that stable Zn dimers do not form on either

Figures 1a) and Xb) show RHEED patterns of the GaAs surface, since most of the Zn atoms reevaporate under typical
(009) surface after the Be—Zn coirradiation alofigl0] and  growth conditions due to the low bonding energy of Zn—As
[110] azimuths. Since we closed the main shutter in thebonds and Zn—Zn bonds. However, beryllium compounds in
[I-V chamber at 550 °C after the GaAs buffer layer growth, general have a high degree of covalent bonding so that Be
the RHEED pattern remains a typical GaAsX{2) surface atoms are expected to bond more strongly to the GaAs sur-
reconstruction before the Be—Zn coirradiation. After theface, thus enabling the Be/Zn dimers to form.

A. Effects of Be on the II-VI /GaAs interface
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T and usingaz,se of 5.6676 A andagese 0f 5.139 A, the Be
Be:3.1% concentration of 3.1% can be assessed from the lattice con-
stant.
ZnBeSe The FWHM of the x-ray rocking curve for ZnBeSe grown
23 arcsec with Zn irradiation alone is very broad, and the layer has a
- high EPD(data are shown in Tablg although the Be con-
centration is very close to that of the layer grown with the
Be—Zn coirradiation. The difference between two cases is
only the treatment of the 11-VI/GaAs interface. This sug-
(115)b gests that Be atoms at the interface can effectively suppress
the interaction of Se atoms with Ga atoms, and the formation
of Ga,Se;, which is believed to be related to the formation of
stack fault€ The narrow PL emission linewidth of 2.5 meV
(115)a at 13 K for the ZnBeSe epilayer grown with the Be—Zn
L i : coirradiation, is half of that grown with the Zn irradiation
-100 0 100 200 300 alone(shown in Table)l. This indicates that ZnBeSe epilay-
Theta (arcsec) ers grown with the Be—Zn coirradiation also have much bet-
e 3. (00 ical reflect 4 (1181ndb ical refi ter optical properties compared to layers grown with Zn ir-
T e e 2 adlation alone. It should be noted that when Zn'Se growth on
coirradiation. GaAs is performed with Zn irradiation alorieithout the Be
cell on) it produces high quality layer$.During the growth
of ZnBeSe, excess heating of the surface due to the thermal
Once growth of ZnBeSe is initiated the surface transformsrradiation from the high temperature Be cél#900 °Q ap-
to a typical (2x< 1) reconstruction for group VI-rich growth pears to diminish the effectiveness of the Zn-irradiation pro-
of II-VI compounds. Figures(t) and Xd) show the typical cess. Under these conditions simultaneous exposure with Be
(2x 1) RHEED patterns alongl10] and[ 110] azimuths for ~and Zn(i.e., Be—Zn coirradiationis required.
thg ZnBeSe surface grown u_nde_r S_e-rich growth conditionsg Effects of Be on CdSe QD formation
This surface reconstruction is similar to that of the ZnSe
surface grown under Se-rich conditions. A structure model of AFM measurements of CdSe QDs grown on ZnBeSe and
the (2x1) ZnBeSe surface is shown in Fig(b®, where a ZnSe were performed at room temperature. A smooth sur-
full ML of Se dimers is proposed to form on the ZnBeSe face for the ZnBeSe surface without CdSe was observed with
surface along thg110] direction, similar to that for znsg. @ surface roughness of about 4 nm. When 2.5 MLs of CdSe
Figure 3 shows thé004) symmetrical reflection and the Was deposneq on the ZnBeSe at the various growth tempera-
(115)% and b asymmetrical reflection DCXRD rocking tures we studie@50-380 °Q, CdSe QDs were formed. The
curves for a 1.4+m-thick ZnBeSe epilayer grown with the QD density and size depend on the growth temperature. Fig-
Be—Zn coirradiation. A very narrow peak related to the zn-ure 4a shows a (Zumx2 um) AMF image of 2.5 MLs of
BeSe epilayer, with a full width at half maximutfwHM)  CdSe deposited on ZnBeSe at 320 °C. The average QD den-
of 23 arcsec, was observed, indicating an extremely higi§ity is 1.5<10° cm™? with an average diameter of70 nm
crystalline quality. The EPD for the epilayer is 4 and an average height 6f12 nm. The three-dimensional
X 104 Cm72 (Shown in Table ), Confirming the h|gh qua“ty AFM image of this Sample is shown in Flg 5. It can be seen
of ZnBeSe epilayer. From the (11%)and b asymmetrical that the CdSe QDs have a spherical shape. For comparison,
reflection DCXRD we can obtain the perpendicular and paran AFM image of 2.5 MLs of CdSe deposited on ZnSe at
allel lattice constanta; anda,. The bulk lattice constant 320 °C is shown in Fig. @). To ensure that the surface
then is calculated from the equation conditions(i.e., surface temperature the two experiments
are the same, except for the presence of Be in the ZnBeSe
a=a{1-[2v/(1+v)][(a;—ay)/ai]}. layers, the Be cell was kept of~900°Q during both
Here v is the Poisson’s ratiowe use the value of for  growth sequences. Much lower QD density and larger QD
ZnSe of 0.28 for the ZnBeSe because of the small Be consize than those grown on ZnBeSe under the same conditions
centration. Assuming that Vegard’s law is valid for ZnBeSe were observed on ZnSe. The average QD density is 5
x 10° cm™? with an average diameter 6105 nm and an
average height of~18 nm. The higher density and smaller
size of the CdSe QDs grown on ZnBeSe suggests that the
I—VIII—V interface  EWHM of DCXRC ~ EPD  FWHM of pL  Properties of the surfacg.e., surface free energyare modi-

GaAs
14 arcsec

Intensity (a.u.)

TaBLE |. Properties of ZnBeSe epilayers.

treatments (arcseg (cm™2) 13 K (meV) fied by the presence of Be. Very recently, this behavior has
Bo—7n comadiation 3 10 Y also been observed by Keiet al,'®> who demonstrated that
Zn irradiation alone ~300 ~10f 5 coverage of the ZnSe starting surface with a fractional ML of

BeSe(0.01-0.05 ML) leads to enhanced CdSe island forma-
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Fic. 4. AMF images of 2.5 MLs of CdSe deposited on ZnBé&eand on

ZnSe(b) at 320 °C (2umX2 um).

1638

Fic. 5. Three-dimensional AFM image of 2.5 MLs of CdSe deposited on
ZnBeSe at 320 °C (2mX2 um).

ZnBeSe. The observation of a significant effect on the CdSe
QD size and density by such a small concentration of Be

(~3%) suggests that higher Be content in the barrier layer

may further decrease the QD size as well as increase the
quantum confinement.

IV. CONCLUSIONS

In summary, effects of Be on the I[I-VI/GaAs interface
and on CdSe QD formation were investigated. AX(Q)
surface reconstruction was observed after the Be—Zn coirra-
diation of the(001) GaAs surface, whereas the X2) sur-
face reconstruction remains for Zn irradiation alone. We at-
tribute the observed stable X12) surface reconstruction to

the formation of a full ML of Be/Zn dimers along tH&10]

direction. ZnBeSe epilayers grown with the Be—Zn coirra-

tion in CdSe/zZnSe heterostructures well below the Cdséliation show very high crystalline quality with x-ray rocking
thickness of 0.6—0.7 ML, whereas 2.1 MLs of CdSe are recurve linewidths down to 23 arcsec and a low EPD of 4

quired to form CdSe QDs on the ZnSe surfd¢@he QD
size observed in our study is slightly larger than the previ-
ously reported dati Further optimization of growth condi-
tions, such as Se/Cd flux ratio and postgrowth annealing pro-
cess, should be pursued. Nevertheless the comparison
between the two systems should still be valid.

Figure 6 shows the PL spectra of CdSe QDs with 2.5 MLs
of CdSe sandwiched by ZnBe&® and by ZnSdb) at 77 K.
A strong blue-green emission peak at 2.418 eV with FWHM
of 49 meV was observed for the CdSe QDs sandwiched by
ZnBeSe and an emission peak at 2.372 eV with FWHM of
56 meV was observed for the CdSe QDs sandwiched by
ZnSe. These values are similar to the previous reports of
CdSe QDs embedded between ZnSe la§étdhe narrower
FWHM for CdSe QDs sandwiched by ZnBeSe compared to
that of QDs sandwiched by ZnSe may be due to the higher
uniformity of QD size in the ZnBeSe case. The higher emis-
sion peak energy in the ZnBeSe case is believed to be related

Energy (eV)

T T 1 14 T T
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FWHM=56 meV
~ I ] | -—
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<
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to the_ Sma"Qr QD Size.With higher quantum confinement an_d:lG. 6. PL spectra of CdSe QDs with 2.5 MLs of CdSe sandwiched by
the slightly higher barrier energy due to the presence of Be iZnBeSe(a) and by ZnSeb) at 77 K.
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