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We have developed a simple procedure that endhlei&u simultaneous measurement of the surface
and interface anisotropies in semiconductor heterostructures. Optical anisotropies }GZASEL00)
heterostructures grown by molecular beam epitaxy were measnrsitl 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

Reflectance-difference, or reflectance-anisotropy, spedrave provided only limited information about them [12—
troscopy (RDS or RAS) has been emerging as a powerful4]. The ZnSe/GaAs interface is of technological interest
tool to characterize solid surfaces in various environmentas well, because its integrity has a great impact on the per-
[1,2]. For a materials system that is optically isotropic informances of ZnSe-based light-emitting devices [15].
the bulk, the observed anisotropy is due to the structural In RDS, one measures the difference between the
anisotropy at the surface and/or the buried interface. Taormal-incidence reflectances for two orthogonal polar-
date RDS has been used mainly to probe the surfaces fation directions in the surface plane. The results are
group lI-V [3-5] and group IV [6—8] semiconductors. commonly reported in terms ohA7/F = Ar/r + iA6,
Application of the RD technique to interface studies hasvhere7 = r exp(i®) is the complex reflectance. In this
been limited to a few cases where the surface contribustudy A7 is defined asA7 = 77,9 — 7110, Were the sub-
tion was negligible [8,9]. In general, an RD signal from script denotes the incident polarization vector. We will
a heterostructure can contain both surface and interfacghow only theAr/r spectra in this paper. Our RDS appa-
contributions if the overlayer is optically transparent. Inratus is similar to the one reported by Aspre¢sl. [16].
order to utilize fully RDS’s potential capability as an in-  The heteroepitaxial growth was carried out in a dual-
terface probe, we need to establish a procedure to separatieamber MBE system. First, an undoped GaAs buffer
the two contributions. layer was deposited on a GaAs(100) wafer. The sample

This paper discusses surface- and interface-inducedas then transferreth vacuoto another MBE chamber
anisotropies of ZnSe/GaAs(100) heterostructures preparddr the ZnSe growth, where RDS and reflection high-
by molecular beam epitaxy (MBE). The RD spectraenergy electron diffraction (RHEED) measurements were
at various ZnSe thicknesses and under different surfacearried out. Prior to growth the GaAs surface was
terminations are shown first. We then demonstrate @&xposed to the Se beam for 10 s. The sample temperature
procedure to separate interface and surface contributiongas 533 K, and the beam-equivalent pressures of Se and
in these spectra. We will discuss the interface-formatiorzn were 5.5 X 1073 and 8.9 X 1073 Pa, respectively.
process with an emphasis on the effect of pregrowth S&he growth rate of ZnSe was 0.061 nm/s under these
and Zn treatments on the GaAs substrate. conditions.

We emphasize that the analytic techniques presented Figure 1 shows the RD spectra taken at different
are, in essence, also applicable to heterostructures othenSe thicknesses. The growth was interrupted at the
than ZnSe/GaAs. The ZnSe/GaAs structure is a goothicknesses noted in the figure legend, and in each case the
case for us to test the RDS’s capabilities as an interfacepectra were taken first under the Se beam [Fig. 1(a)] and
probe: Due to its heterovalent nature (lI-VI on 1ll-V), re- then under the Zn beam [Fig. 1(b)]. From our RHEED
arrangements and/or reconstructions possibly take place ateasurements, the surface reconstructions under the Se
this interface to satisfy the electron-counting requirementsnd the Zn beams were, respectivalyx 1 andc(2 X 2),
[10,11], which is to be reflected in the optical anisotropyas commonly observed for MBE-grown ZnSe [17].
spectrum. While theory predicts diversity and complexity Comparing the spectra in Figs. 1(a) and 1(b) at the same
of the ZnSe/GaAs interface structures [11], experimentshicknesses, we find that the RD response below 3.5 eV
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In the following text,A7,,/7,, and A7, /7, are called
the surface and the interface anisotropies, respectively.
In a physical sens¢,,, 7s,, andi, are not independent
variables, all being a function of the overlayer dielectric
response. Nevertheless, Eq. (2) is useful for us to identify
which processes give rise to the observed anisotropy:
the reflection at the surface or at the interface, or the
propagation through the overlayer.
In the following analyses we neglect thei, term in
Eq. (2). This approximation is adequate for the present
case becausé is much smaller than boti and the
qplo i o - critical thickness for plastic relaxation in ZnSe/GaAs [19].
S V] 4 5 The two quantities of interest\7,q/Foa and Afy,/Fso,
can then be determined using two RD measurements at
FIG. 1. RD spectra of the ZnSe/GaAs heterostructure meagjfferent thicknessed,; andL,.

sured at different ZnSe thicknesses as indicated in the legend. ; ; ; _
The initial GaAs surface was treated with Se. (a) RD under the We. e_mpha5|ze that this procedure Invplves no param
Se beam: (b) RD under the Zn beam. eter fitting. Thus it enables us to monitor the surface

and the interface simultaneously in real time. We note
is essentially unchanged by switching the surface termig]natootri]salm ni)c/) diﬁtﬁi:hsﬂgggtﬁot:;& t;srﬁrl\;leirzpi?}(r:?l ;zlr;g
nation. This observation indicates that the interface cong P YErs,

tribution dominates in this energy range. The apparen?.ve_phase model [i.e., ambient/(surface layer)/overlayer/

spectral evolution with ZnSe thickness is due to interfer—éme(r;‘;‘cae Iary(/g():/s L:)k\)/sétrrzﬁ]:'h Z:;%g:geagyrﬁggggtzgﬁs?;??n
ence between the beams reflected at the ZnSe surface a?a' \<) app :

at the ZnSe/GaAs interface. The mathematical procedurI ° §|mp.I|C|.ty. .AS we (_:Iemonstrate be_low, Eq. (2) IS use-
described below was used to remove the interference art l-Jl.II(ZIi?1 eléngln?i\ginng thzr;r:;irtf:rregseenaxgzﬁt twgpeog;ilgttrgfjlk
facts, and at the same time to separate the surface and intgrﬁiso?ropigs in tr?epsubstrate ’an d the overlayer

face contributions. _ It should be emphasized that while thé The interface and surface contributions sepérated using
band gap of ZnSe is 2.6 eV at the growth temperature thﬁ1

ZnSe layers studied in this experiment were thin enough tg € above procedure. are displayed in Figs. 2 and 3, re-
transmit light of up to 5 eV, thus permitting RDS investi- Spectively. In these figures, each spectrum was generated

. : . from the corresponding two source spectra in Fig. 1, as
gation of the interface over a wide energy range. labeled in the legend. The line shapes are essentially in-

In the conventional three-phase model which consistse endent of epilayer thickness, which confirms that the
of a substrate (in the present case, GaAs), an overlayer P piiay '

. C interference artifacts have been eliminated. In performing
(ZnSe), and an ambient (vacuum)is given as [18] the calculation, we used the dielectric functions of GaAs

F=(2ZFs + Foa) /(1 + ZFsoT0a) , (1) at 500 K [20] and of ZnSe at 473 K [21]. Because the
where Z = expldwin,L/)), 7, is the complex refrac- 473 K ZnSe data terminate at 5.1 eV, the calculated spec-
tive index of the overlayer. is the overlayer thickness, tra also terminate at the same energy. For the (19 nm,
A is the wavelength of light7,, and 7, are the com- 24 nm) spectra in both figures, the interface spectrum ter-
plex reflectances at the overlayer-ambient and substratesinates at 4.3 eV and the surface spectrum continues up
overlayer boundaries, respectively. In this equation, theréo 5.8 eV. The reason for this exception is that the 19
are three variables that can be anisotropig; 7s,, and and 24 nm spectra in Fig. 1 have a negligible interfacial
ii,. Mathematically, one can write a linear expression ofcontribution above 4.3 eV due to strong absorption in the
a total derivative d7, using the partial differentials af ~ ZnSe epilayer.
with respect to these three variables. By performing the First we discuss the interface RD spectra. Figure 2(a)
partial-differential calculations, we obtain the following and 2(b) are the interface RD spectra with Se and
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FIG. 2. The interface contribution to the RD spectra in Fig. 1.A. A(ed) of this thin layer is defined, in the present
Each spectrum was obtained from the two correspondingage afd(ed) = (159 — 110)d, Whereet,, ande; o are

spectra in Fig. 1, as indicated in the legend. (a) Under th . d ; o
Se beam; (b) under the Zn beam. Also plotted in (b) is the R he complex dielectric functions for polarization vectors

spectrum of the Se-treated GaAs surface. parallel to thg 110] and[110] directions, respectively.
In Fig. 4, the thin solid curve is the imaginary part
of A(ed) for the ZnSe/GaAs interface, while the dotted
Zn surface terminations, respectively. The spectral lineurve is that for the Se-terminated GaAs. Below 3.5 eV
shapes below 4 eV are essentially the same for the twthe two spectra agree in both line shape and intensity.
different ZnSe-surface terminations, which are consistenthis agreement strongly suggests that the Se treatment of
with their interfacial origin. The distinct features aroundthe GaAs surface formed an anisotropic subsurface layer
5 eV in both figures are presumably due to the lineamwhich was the origin of the RD signal below 3.5 eV, and
electro-optic effect (LEOE), as discussed later in the textthat this subsurface layer maintained its structure during
In Fig. 2(b), we also show the RD spectrum for the Se-ZnSe epilayer growth.
terminated GaAs surface, which was the starting surface While further studies are needed to determine the
for the experiment in Fig. 1. A close resemblance in thedetailed structure of the anisotropic layer, one comment
spectra below 3.5 eV is apparent for the Se-terminatedan be made at the present stage.et al. reported that a
GaAs surface and those spectra obtained from ZnS&sa,Se; interfacial layer was formed in the case of a ZnSe/
GaAs interfaces. The RD intensity is, however, quiteGaAs sample processed at a relatively high temperature
different. To make the comparison more quantitative, wg12]. Li and Pashley proposed, based on the electron
have converted the interface and surface RD spectra ioounting model, that the Se-treated GaAs surface has a
Fig. 2 into anisotropy spectra of the dielectric responsesubsurface structure analogous to,6& [23]. Although
A(ed). In performing this conversion we used an RD Ga-Se bonds are presumably involved in the anisotropic
expression for the surface anisotropy, which assumes layer of our sample, thé(ed) spectra in Fig. 4 do not
three-phase model [22]. In brief, the model assumes aaxhibit any features at the critical-point energies of the
optically anisotropic thin layer at the boundary betweerknown Ga-Se compounds [24]. For example, one would
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3 the magnitude of the LEOE features. In all the spectra in
Figs. 2 and 3, we indeed notice distinct features around
2T 5 eV, which we ascribe to the LEOE associated with
the E; and E; + A, critical points of ZnSe. A close
examination of these features has revealed that the sign
of the built-in field with respect to the growth direction
was positive in the entire ZnSe layer, regardless of the
surface termination.

In summary, we have demonstrated time situ and
simultaneous characterization of the surface and interface
by RDS. Extensive efforts are under way to identify
experimentally the whole range of the possible ZnSe/
T . Ty T, GaAs interface structures, and to correlate them to the

E [eV] defect formation.
FIG. 4. Imaginary part ofA(ed). Dotted curve: Se-treated ,We WQUId “ke_ to tha_mk Professor D. E. Aspnes for his
GaAs surface; thin solid curve: ZnSe/GaAs interface formedkind assistance in setting up our RDS system. We would
on Se-treated GaAs; thick solid curve: ZnSe/GaAs interfacalso like to thank Professor R.W. Collins for allowing
formed on Zn-treated GaAs. For the interface, the (8.1 nmys to use his unpublished data. This study was partly

14 nm) spectra under the Zn beam are shown because they ;
representative of the spectra at different ZnSe thicknesses. aéﬁe%%?é?geﬁ%/ Ol\rlge;vniZEar;i%rr?)ENaErSO;ndustrlal Technology
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