
VOLUME 77, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JULY 1996

:

3

Measurement of Interface-Induced Optical Anisotropies of a Semiconductor Heterostructure
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We have developed a simple procedure that enablesin situ simultaneous measurement of the surface
and interface anisotropies in semiconductor heterostructures. Optical anisotropies in ZnSeyGaAs(100)
heterostructures grown by molecular beam epitaxy were measuredin situ by reflectance difference
spectroscopy (RDS). We show that a Se treatment of the clean GaAs surface forms an optically
anisotropic subsurface layer that remains intact even after ZnSe overgrowth, while a Zn treatment
results in a quite different interface RD response. The RD spectra of the Se- and Zn-terminated ZnSe
surfaces are briefly discussed. [S0031-9007(96)00536-4]

PACS numbers: 68.35.–p, 68.55.–a, 78.66.–w, 81.65.–b
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Reflectance-difference, or reflectance-anisotropy, s
troscopy (RDS or RAS) has been emerging as a powe
tool to characterize solid surfaces in various environme
[1,2]. For a materials system that is optically isotropic
the bulk, the observed anisotropy is due to the struct
anisotropy at the surface and/or the buried interface.
date RDS has been used mainly to probe the surface
group III-V [3–5] and group IV [6–8] semiconductor
Application of the RD technique to interface studies h
been limited to a few cases where the surface contr
tion was negligible [8,9]. In general, an RD signal fro
a heterostructure can contain both surface and inter
contributions if the overlayer is optically transparent.
order to utilize fully RDS’s potential capability as an i
terface probe, we need to establish a procedure to sep
the two contributions.

This paper discusses surface- and interface-indu
anisotropies of ZnSe/GaAs(100) heterostructures prep
by molecular beam epitaxy (MBE). The RD spec
at various ZnSe thicknesses and under different sur
terminations are shown first. We then demonstrat
procedure to separate interface and surface contribu
in these spectra. We will discuss the interface-format
process with an emphasis on the effect of pregrowth
and Zn treatments on the GaAs substrate.

We emphasize that the analytic techniques prese
are, in essence, also applicable to heterostructures
than ZnSe/GaAs. The ZnSe/GaAs structure is a g
case for us to test the RDS’s capabilities as an inter
probe: Due to its heterovalent nature (II-VI on III-V), re
arrangements and/or reconstructions possibly take pla
this interface to satisfy the electron-counting requireme
[10,11], which is to be reflected in the optical anisotro
spectrum. While theory predicts diversity and complex
of the ZnSe/GaAs interface structures [11], experime
26 0031-9007y96y77(2)y326(4)$10.00
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have provided only limited information about them [12
14]. The ZnSe/GaAs interface is of technological inter
as well, because its integrity has a great impact on the
formances of ZnSe-based light-emitting devices [15].

In RDS, one measures the difference between
normal-incidence reflectances for two orthogonal pol
ization directions in the surface plane. The results
commonly reported in terms ofDr̃yr̃  Dryr 1 iDu,
where r̃  r expsiud is the complex reflectance. In th
study Dr̃ is defined asDr̃  r̃110 2 r̃110, were the sub-
script denotes the incident polarization vector. We w
show only theDryr spectra in this paper. Our RDS app
ratus is similar to the one reported by Aspneset al. [16].

The heteroepitaxial growth was carried out in a du
chamber MBE system. First, an undoped GaAs bu
layer was deposited on a GaAs(100) wafer. The sam
was then transferredin vacuo to another MBE chambe
for the ZnSe growth, where RDS and reflection hig
energy electron diffraction (RHEED) measurements w
carried out. Prior to growth the GaAs surface w
exposed to the Se beam for 10 s. The sample tempera
was 533 K, and the beam-equivalent pressures of Se
Zn were 5.5 3 1025 and 8.9 3 1025 Pa, respectively.
The growth rate of ZnSe was 0.061 nm/s under th
conditions.

Figure 1 shows the RD spectra taken at differe
ZnSe thicknesses. The growth was interrupted at
thicknesses noted in the figure legend, and in each cas
spectra were taken first under the Se beam [Fig. 1(a)]
then under the Zn beam [Fig. 1(b)]. From our RHEE
measurements, the surface reconstructions under th
and the Zn beams were, respectively,2 3 1 andcs2 3 2d,
as commonly observed for MBE-grown ZnSe [17].

Comparing the spectra in Figs. 1(a) and 1(b) at the sa
thicknesses, we find that the RD response below 3.5
© 1996 The American Physical Society
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FIG. 1. RD spectra of the ZnSe/GaAs heterostructure m
sured at different ZnSe thicknesses as indicated in the leg
The initial GaAs surface was treated with Se. (a) RD under
Se beam; (b) RD under the Zn beam.

is essentially unchanged by switching the surface ter
nation. This observation indicates that the interface c
tribution dominates in this energy range. The appar
spectral evolution with ZnSe thickness is due to interf
ence between the beams reflected at the ZnSe surface
at the ZnSe/GaAs interface. The mathematical proced
described below was used to remove the interference
facts, and at the same time to separate the surface and
face contributions. It should be emphasized that while
band gap of ZnSe is 2.6 eV at the growth temperature
ZnSe layers studied in this experiment were thin enoug
transmit light of up to 5 eV, thus permitting RDS inves
gation of the interface over a wide energy range.

In the conventional three-phase model which cons
of a substrate (in the present case, GaAs), an overl
(ZnSe), and an ambient (vacuum),r̃ is given as [18]

r̃  sZr̃so 1 r̃oadys1 1 Zr̃sor̃oad , (1)

where Z  exps4piñoLyld, ño is the complex refrac-
tive index of the overlayer,L is the overlayer thickness
l is the wavelength of light,̃roa and r̃so are the com-
plex reflectances at the overlayer-ambient and substr
overlayer boundaries, respectively. In this equation, th
are three variables that can be anisotropic:r̃oa, r̃so, and
ño . Mathematically, one can write a linear expression
a total derivative,dr̃, using the partial differentials of̃r
with respect to these three variables. By performing
partial-differential calculations, we obtain the followin
a-
nd.
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Dr̃
r̃

 A21

µ
Dr̃oa

r̃oa
B 1

Dr̃so

r̃so
C 1 DñoC

4piL
l

∂
, (2)

with

A  s1 1 Zr̃sor̃oad sZr̃so 1 r̃oad , (3a)

B  r̃oas1 2 Zr̃sod s1 1 Zr̃sod , (3b)

C  Zr̃sos1 2 r̃oad s1 1 r̃oad . (3c)

In the following text,Dr̃oayr̃oa and Dr̃soyr̃so are called
the surface and the interface anisotropies, respectiv
In a physical sense,̃roa, r̃so, and ño are not independent
variables, all being a function of the overlayer dielectr
response. Nevertheless, Eq. (2) is useful for us to iden
which processes give rise to the observed anisotro
the reflection at the surface or at the interface, or t
propagation through the overlayer.

In the following analyses we neglect theDño term in
Eq. (2). This approximation is adequate for the pres
case becauseL is much smaller than bothl and the
critical thickness for plastic relaxation in ZnSe/GaAs [19
The two quantities of interest,Dr̃oayr̃oa and Dr̃soyr̃so,
can then be determined using two RD measurement
different thicknesses,L1 andL2.

We emphasize that this procedure involves no para
eter fitting. Thus it enables us to monitor the surfa
and the interface simultaneously in real time. We no
that one may better simulate the observed spectra u
an optical model with more constituent layers, such a
five-phase model [i.e., ambient/(surface layer)/overlay
(interface layer)/substrate]. The primary advantage of
Eq. (2) approach over such elaborated models consist
its simplicity. As we demonstrate below, Eq. (2) is us
ful in eliminating the interference artifact without intro
ducing any fitting parameter, even when there exist b
anisotropies in the substrate and the overlayer.

The interface and surface contributions separated us
the above procedure are displayed in Figs. 2 and 3,
spectively. In these figures, each spectrum was gener
from the corresponding two source spectra in Fig. 1,
labeled in the legend. The line shapes are essentially
dependent of epilayer thickness, which confirms that
interference artifacts have been eliminated. In perform
the calculation, we used the dielectric functions of Ga
at 500 K [20] and of ZnSe at 473 K [21]. Because th
473 K ZnSe data terminate at 5.1 eV, the calculated sp
tra also terminate at the same energy. For the (19 n
24 nm) spectra in both figures, the interface spectrum
minates at 4.3 eV and the surface spectrum continues
to 5.8 eV. The reason for this exception is that the
and 24 nm spectra in Fig. 1 have a negligible interfac
contribution above 4.3 eV due to strong absorption in t
ZnSe epilayer.

First we discuss the interface RD spectra. Figure 2
and 2(b) are the interface RD spectra with Se a
327
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FIG. 2. The interface contribution to the RD spectra in Fig.
Each spectrum was obtained from the two correspond
spectra in Fig. 1, as indicated in the legend. (a) Under
Se beam; (b) under the Zn beam. Also plotted in (b) is the
spectrum of the Se-treated GaAs surface.

Zn surface terminations, respectively. The spectral l
shapes below 4 eV are essentially the same for the
different ZnSe-surface terminations, which are consist
with their interfacial origin. The distinct features aroun
5 eV in both figures are presumably due to the line
electro-optic effect (LEOE), as discussed later in the te

In Fig. 2(b), we also show the RD spectrum for the S
terminated GaAs surface, which was the starting surf
for the experiment in Fig. 1. A close resemblance in
spectra below 3.5 eV is apparent for the Se-termina
GaAs surface and those spectra obtained from Zn
GaAs interfaces. The RD intensity is, however, qu
different. To make the comparison more quantitative,
have converted the interface and surface RD spectr
Fig. 2 into anisotropy spectra of the dielectric respon
Ds´dd. In performing this conversion we used an R
expression for the surface anisotropy, which assume
three-phase model [22]. In brief, the model assumes
optically anisotropic thin layer at the boundary betwe
328
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FIG. 3. As Fig. 2, but for the surface contribution. (a) Und
the Se beam; (b) under the Zn beam. Also plotted in (a)
the energy-scaled Iḿspectrum of ZnSe at room temperatur
(from Ref. [25]).

two isotropic media, whose thickness,d, satisfiesd ø

l. Ds´dd of this thin layer is defined, in the presen
case, asDs´dd  s´110 2 ´110dd, where´110 and´110 are
the complex dielectric functions for polarization vecto
parallel to thef110g andf110g directions, respectively.

In Fig. 4, the thin solid curve is the imaginary pa
of Ds´dd for the ZnSe/GaAs interface, while the dotte
curve is that for the Se-terminated GaAs. Below 3.5 e
the two spectra agree in both line shape and intens
This agreement strongly suggests that the Se treatmen
the GaAs surface formed an anisotropic subsurface la
which was the origin of the RD signal below 3.5 eV, an
that this subsurface layer maintained its structure dur
ZnSe epilayer growth.

While further studies are needed to determine t
detailed structure of the anisotropic layer, one comm
can be made at the present stage. Liet al. reported that a
Ga2Se3 interfacial layer was formed in the case of a ZnS
GaAs sample processed at a relatively high tempera
[12]. Li and Pashley proposed, based on the elect
counting model, that the Se-treated GaAs surface ha
subsurface structure analogous to Ga2Se3 [23]. Although
Ga-Se bonds are presumably involved in the anisotro
layer of our sample, theDs´dd spectra in Fig. 4 do not
exhibit any features at the critical-point energies of t
known Ga-Se compounds [24]. For example, one wo
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FIG. 4. Imaginary part ofDs´dd. Dotted curve: Se-treated
GaAs surface; thin solid curve: ZnSe/GaAs interface form
on Se-treated GaAs; thick solid curve: ZnSe/GaAs interfa
formed on Zn-treated GaAs. For the interface, the (8.1 n
14 nm) spectra under the Zn beam are shown because the
representative of the spectra at different ZnSe thicknesses.

expect spectral features at theE0 and E1 transitions
of zino-blende Ga2Se3 which are at 2.1 and 3.9 eV
respectively.

In order to investigate the effects of the predepositi
treatment, a GaAs substrate surface was prepared by e
sure to the Zn beam, instead of the Se beam. The inter
RD spectrum for the Zn-treated sample was converted
Ds´dd, and the result is displayed in Fig. 4. Compared
the Se treatment, the Zn-treated sample shows a much
duced intensity at 2.8 eV, indicating that the formation
the subsurface layer was suppressed. This demonst
that the ZnSe/GaAs interfacial structure can, in fact,
controlled by different predeposition treatment.

Now we discuss the surface contributions shown
Fig. 3. We have found that the surface RD spectra un
the Se beam resembles the imaginary part of the Z
dielectric-function spectrum, IḿsEd. In Fig. 3(a), an
energy-scaled spectrum,E Im´sEd, at room temperature
is shown for comparison [25]. Following Aspnes [22
we interpret this line shape as the result of anisotro
many-body screening at the ZnSe surface. The surf
under the Zn beam shows a relatively small anisotro
below 4.5 eV [see Fig. 3(b)], which is consistent with th
absence of anisotropic dimer structures at thecs2 3 2d
ZnSe surface [26].

Finally, we address the spectral signatures due
LEOE. As for the GaAs homostructure, the LEOE
originating RD signals are reported to appear at theE1
and E1 1 D1 critical points when it is doped to develo
significant band bending at the surface [27,28]. In
heterostructure where a built-in field commonly exists, t
RD spectra are likely to be decorated by LEOE signatur
If the overlayer is thin, as is the case in the pres
study, the charges at the surface and the interface
affect the field profile across the overlayer and there
d
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the magnitude of the LEOE features. In all the spectra
Figs. 2 and 3, we indeed notice distinct features arou
5 eV, which we ascribe to the LEOE associated w
the E1 and E1 1 D1 critical points of ZnSe. A close
examination of these features has revealed that the
of the built-in field with respect to the growth directio
was positive in the entire ZnSe layer, regardless of
surface termination.

In summary, we have demonstrated thein situ and
simultaneous characterization of the surface and interf
by RDS. Extensive efforts are under way to identi
experimentally the whole range of the possible ZnS
GaAs interface structures, and to correlate them to
defect formation.
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