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Abstract

We have studied the surfactant effect of Sn on ZnSe(0 0 1) growth by molecular beam epitaxy equipped with in-situ
reflection high-energy electron diffraction and reflectance difference spectroscopy and in-line Auger electron spectro-
scopy. Sn deposited on the Zn stabilized ¢(2 x 2) ZnSe surface showed surface segregation, while Sn deposited on the
Se-stabilized (2 x 1) surface does not segregate to the growing surface. We have demonstrated that Sn deposited on the Zn
stabilized ZnSe surface improve two-dimensional growth in highly strained CdSe/ZnSe system. © 1998 Elsevier Science

B.V. All rights reserved.
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Keywords: ZnSe; MBE; Surfactant; RHEED; RDS; Quantum structure

1. Introduction

Recent investigations of the fabrication of self-
organized low-dimensional quantum structures
suggest that the control of surface energy and
growth kinetics are crucial to obtain well-defined
quantum structures, since the surface processes
during epitaxy are dominated by these two factors.
The surface energetics and growth kinetics can be

*Corresponding author. Fax: + 81 22 215 2073; e-mail:
yao@imr.tohoku.ac.jp.

controlled by employing surfactant mediated-mo-
lecular beam epitaxy (SM-MBE), in which surfac-
tant atoms of one monolayer (ML) thickness are
predeposited onto a substrate surface prior to
growth. As the epitaxy proceeds, the surfactant
atoms segregate to the growing surface which af-
fects either the surface energy or growth kinetics.
The SM-MBE has been well studied for GaAs and
Ge/Si systems [1-6]. The surfactant atom either
enhances migration of adatoms (i.e. nonreactive
surfactant) by reducing the surface energy, or de-
creases the migration length of adatoms (i.e. react-
ive surfactant) through an increase in nucleation
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sites. An example of the former type of surfactant is
Sn in homoepitaxy of GaAs [1,2], while the latter
type surfactant atom includes Te in heteroepitaxial
growth of InGaAs on GaAs [3-6].

So far, there has been no report on the SM-MBE
of II-VI compounds. This paper presents the first
report on the SM-MBE growth of II-VI com-
pounds. We have investigated in situ the behaviors
of Sn atoms predeposited onto ZnSe surfaces
during ZnSe epitaxy by reflectance difference spec-
troscopy (RDS), reflection high-energy electron
diffraction (RHEED), and Auger electron spectro-
scopy (AES). We have found that Sn indeed acts as
surfactant when predeposited onto the Zn-stabil-
ized ¢(2 x 2) ZnSe surface, while no segregation of
Sn to the surface was observed when deposited
onto the Se-stabilized (2 x 1) surface. We have fur-
ther investigated the role of Sn during hetero-
epitaxy of CdSe on ZnSe, where the lattice misfit is
8%. It is found that CdSe grows in a layer by layer
growth mode from the very beginning of hetero-
epitaxy in the SM-MBE, while three-dimensional
(3D) island growth dominates in the conventicnal
MBE growth.

2. Experimental procedure

Experiments have been performed in a solid
source MBE equipped with in situ RDS and
RHEED and in-line AES. The RDS setup used in
the present experiments was similar to the one
developed by Aspnes et al. [7]. RDS measures the
optical anisotropy between two optical axes ([1 T 0]
and [1 1 0]) and is known to be a powerful tool for
probing local changes of the surface in materials
with isotropic bulk properties such as (00 1)GaAs
and ZnSe [7-10]. Since the surface optical response
reflects the electronic structure, RDS is com-
plementary to RHEED which relies on the long-
range order of the surface.

A ZnSe buffer layer was grown on a semi-insulat-
ing (00 1)GaAs substrate at a substrate temper-
ature of 300°C with the beam flux ratio of Se to Zn
being adjusted to obtaina (2 x 1) and ¢(2 x 2) mixed
RHEED pattern and a growth rate of 300 nm/h.
0.5-1.5 MLs of Sn were evaporated onto ZnSe sur-
faces with different surface chemistry at the same

substrate temperature. The deposited Sn was
quantitatively analyzed by AES.

We have investigated the behaviors of Sn during
ZnSe epitaxy on a ZnSe buffer layer and hetero-
epitaxy of CdSe on ZnSe. In the former experiment,
Sn was deposited either onto the Se stabilized
(2x1) ZnSe surface or onto the Zn stabilized
{2 x 2) surface. The Zn-stabilized surface was pre-
pared by exposing the surface of the ZnSe buffer
layer with Zn. Since the desorption of Se from the
ZnSe surface was not neglected at a substrate
temperature of 300°C, Se in addition to Sn was
deposited onto the surface to preserve (2 x 1) recon-
struction. The growth of ZnSe resumed on the
Sn-deposited surfaces either by atomic layer
epitaxy (ALE) or MBE. The growth process was
assessed by RHEED and RDS, and surface com-
position analysis was done by AES. In hetero-
epitaxy of CdSe on ZnSe, CdSe was grown on
a Sn-treated ZnSe surface and was compared with
the growth of CdSe by conventional MBE. We
have investigated the surface morphology of the
layers by atomic force microscopy (AFM) and
the optical properties by photoluminescence (PL)
Spectroscopy.

3. The effect of surface chemistry on the role of Snin
ZunSe growth

3.1. Predeposited Sn layer onto the Zn-stabilized
surface

The dashed curve in Fig. 1a shows a RD spec-
trum of a Se-exposed (2 x 1) surface (designated as
Se/ZnSe) which is characterized by a peak at
around 5eV, while that of a Zn-exposed ¢(2 x 2)
surface (designated as Zn/ZnSe) showed a dip
around the same energy [10]. We note that
E, critical point is located close to 5 eV. On expo-
sing 1 ML thick Sn on the Zn-stabilized ¢(2 x 2)
surface, the RD spectrum immediately changed to
the dotted curve (X = 0) which shows a broad dip
around 5 eV and a broad peak at around 3.3 eV, It
should be noted that this RD spectrum was taken
under the Se beam after the deposition of the Sn
layer. The evolution of RD spectra taken under the
Se beam after each ALE cycle for ZnSe growth on
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Fig. I. RD spectra of a Se stabilized ZnSe surface before
(dashed linc) and after Sn deposition for several ALE cycles
{x =1, 2,3, 10} ZnSe overgrowth. Sn was deposited on an ini-
tially Zn-terminated surface (a) and on a Se terminated surface
(b). Thin solid line in (a) shows the RD spectrum for a Zn
stabilized ZnSe surface before Sn deposition.

the Sn-predeposited ZnSe buffer layer can be seen
in this figure. The x value designates the number of
ALE cycles. Surprisingly, the essential features of
RD spectra did not change from that of the Sn-
predeposited ZnSe surface even with an increase in
ALE cycle upto 10. We noted that a further in-
crease in ALE cycle, indeed, did not make an essen-
tial change in RD spectrum. These results suggest
the segregation of Sn to the growing surface.

The segregation of Sn is clearly indicated by AES
measurements as shown in Fig. 2a. This spectrum
was taken on a 20 nm thick ZnSe grown on a Sn-
predeposited ZnSe buffer layer by MBE. Sn is
clearly detected together with Zn and Se with al-
most the same intensity. The concentration of Sn is
estimated to be 0.85 ML.

The evolution of RHEED pattern during the
ALE process was quite interesting, Deposition of
more than 0.5 ML of Sn onto the Zn-stabilized
surface changed the surface reconstruction from
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Fig. 2. AES results obtained from the ZnSe surface after MBE
growth of 20nm thick ZnSe layer following Sn (1 ML)
predeposition on a Zn-stabilized surface (a) and on a Se-stabi-
lized surface(b).

c(2x2) to (2x1). The (2 x 1) pattern was observed
throughout the opening and closing cycle of the Se
shutter. This is in contrast to a conventional ALE
cycle without a pre-deposited Sn layer, where the
(2 x 1) pattern changes to ¢(2 x 2) due to desorption
of Se from the surface [117]. On impinging the Zn
beam onto the (2x 1) reconstructed surface, the
RHEED pattern changed to (1 x 1), which was
taken over by (2 x 1) reconstruction on closing the
Zn shutter. This evolution of RHEED pattern sug-
gests that a 2D growth proceeds in surfactant me-
diated ALE growth. It could be suggested that the
(2 x 1) reconstruction which appeared both after
deposition of Sn and on closing the Se and Zn
shutters be ascribed to a Sn-induced surface recon-
struction.

3.2. Predeposited Sn layer onto Se-stabilized
ZnSe surface

The dotted curve in Fig. 1b shows RD spectrum
of a Sn predeposited layer on the Se-stabilized
ZnSe buffer layer. All RD spectra were taken under
the Se beam. The feature of this RD spectrum is
almost the same as that of a Sn predeposited layer
on the Zn-stabilized ZnSe (dotted curve in Fig. 1a)
except the position of the dip: the dip position in
Fig. 1a is around 4.9 ¢V, while that in Fig. 1b is
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5.2eV. With increase in ALE cycle the dip at
around 5.2 eV is reduced in intensity and eventuna-
lly changes to a peak located at 4.8 eV which
corresponds to the peak position of the RD spec-
trom from the Se-stabilized ZnSe surface (see
dashed curve in Fig. 1b). The intensity of the 4.8 eV
peak gradually increases with increase in ALE
cycle. Moreover the general feature of the RD
spectra tend to converge to the RD spectrum from
the Se-stabilized ZnSe surface. These results are in
contrast to the case of Fig. la and suggest that Sn
does not segregate onto the growing surface. This
discussion is substantiated by AES data as shown
in Fig. 2b. The sample here is a 20 nm thick ZnSe
grown on a Sn-predeposited buffer layer by MBE,
where the surface of the buffer layer was Se-stabi-
lized one. No trace of Sn was detected by AES,
while Zn and Se were detected with reasonable
intensity, indicating that Sn does not segregate to
the surface.

The evolution of RHEED during the ALE cycle
at the very beginning showed quite different fea-
tures from the previous case as described in Sec-
tion 3.1 only when the Zn shutter was closed. The
Sn predeposited layer on the Se-stabilized buffer
layer showed (2x1) reconstruction which was
preserved during the opening and closing periods
of Se. On opening the Zn shutter, the (2 x 1) recon-

struction changed to (1 x 1) pattern and this pattern
is preserved during closing period of the Zn shutter.
This feature could be understood, if one assumes
that the (2 x 1) reconstruction is associated with the
surface Sn and that Sn does not segregate to the
growing surface. However, it should be noted that
a close observation of RHEED pattern indicates
degradation to a spotty pattern as the growth pro-
ceeds which suggest onset of 3D island growth.

4. Heteroepitaxial growth of CdSe on ZnSe

The effect of Sn predeposition on heteroepitaxial
growth of CdSe on ZnSe has been investigated.
CdSe layers were grown by ALE with three ALE
cycles on a thick ZnSe buffer layer followed by the
growth of a capping 20 nm thick ZnSe layer. Other
CdSe layers with nominally equivalent thickness
were grown on top of the ZnSe cap layer by ALE.
In this experiment, two kinds of ZnSe buffer layers
were prepared: a Sn-predeposited ZnSe layer on the
Zn-stabilized surface and a ZnSe layer with the
Se-stabilized ZnSe surface. Fig. 3a and Fig. 3b
show AFM images of CdSe grown (a) with and (b)
without the Sn interlayer. Quite big difference in
growth mode can be observed for the two cases. In
the case of surfactant ALE growth of CdSe, a wavy

Fig. 3. AFM results for three ALE cycles of CdSe on ZnSe. The structure is as follows: {from surface to substrate}(a) CdSe (3ALE)/ZnSe

(20 nm)/CdSe (3ALE)/ZnSe (3ALE)/Sn (0.6 ML)/Zn-terminated ZnSe {~ 1000 nm)/substrate; {b) CdSe (3ALE)/ZnSe (200A)/CdSe

(3ALE)/ZnSe ( ~ 1000 nm)/substrate.
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Fig. 4. PL results for the structures of Fig. 3a (solid line) and of
Fig. 3b (dotted line).

surface morphology is observed suggesting the
formation of quantum well structures, while dot
structures are clearly observed in the case of con-
ventional ALE growth of CdSe. Similar dot struc-
ture has been observed most recently [12].

The formation of the quantum well structures
and dot structures are evidenced by PL measure-
ments (Fig. 4). The PL of both samples are domin-
ated by the near band emission (presumably due to
excitonic emission) located at 2.658 eV for the sur-
factant ALE CdSe QW (solid line) and 2.617 eV for
the CdSe quantum dots (dotted line). The peak
energy for the quantum dots is shifted to the low-
energy side by 0.041eV, which could be inter-
preted if one considers the difference in thickness of
both quantum structures. However, as suggested
through extensive PL study [13], alloying effects
presumably proceed during growth and the proper
interpretation needs more detailed study.

As the surface migration increases, 3D clusters
are more easily formed, while 2D nucleation and
growth dominates when the migration length is
reasonably short. Hence, the striking difference in
growth of CdSe on ZnSe with and without Sn
interlayer suggests that Sn reduces the migration of
adatoms through increasing nucleation sites.

5. Conclusions

We have demonstrated by means of in situ
RHEED, RDS and in-line AES that Sn segregates
to the growing surface of ZnSe and CdSe/ZnSe if it
is initially deposited on a Zn terminated ZnSe sur-
face. AFM and PL results show that Sn deposited
on the Zn stabilized ZnSe surface promotes 2D
growth for a highly strained layer system
CdSe/ZnSe with results of AFM and PL measure-
ments.
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