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The dielectric functions of Ga- and As-terminated G@®d) surfaces are determined by
using a three-layer model and experimentally available surface photoabsoipBéh data, and

are compared to those previously obtained from reflectance-difference spectroscopy. Using
the SPA-derived dielectric functions, approaches for optimizing conditions in SPA experiments
for GaAs and other materials are presented. 1897 American Vacuum Society.
[S0734-210(197)02601-9

[. INTRODUCTION it can probe a surface at any given time, while SPA can only
. compare a surface at different times.

The structure and properties of the GaAs(001) surface The gyrface dielectric functions of Ga- and As-terminated
have been the subject of many studies because of its teChn@'aAs(OOl) surfaces are derived here using the SPA data of
logical and scientific importance. This surface has severahats 5 and 6. and are then used to determine the optimal
reconstructions during GaAs growth by molecular beam epgyerimental conditions for SPA, i.e., the optimum photon
itaxy (MBE) and metalorganic chemical VaPPfhdePOS't'O” energy and angle of incidence. These dielectric functions are
(MOCVD), which depend on the growth conditioh§wo of 5155 sed, along with the RDS data of Ref. 10, to examine

the most powerful surface sensitive optical probes to be useéghe connection between the atomic and electronic structure
to monitor the surface during growth and etching areus ihe surface and the SPA signal.
reflectance-difference spectroscoiDS), which measures 1 gpA response is usually formulated as eithRr the
the normal-incidence optical anisotropy, and surface photogitference in reflectance in alternating processing cycles, or
absorption(SPA), which measures the difference of the re- A\g/Rr \whereR is the reflectance of a hypothetical perfect
flectance ofp-polarized light from two different surfaces, p 1« vacuum interface. WhildR is measured, normalizing
typically at an angle of incidence near the pseudo-Brewstefy g makes the response seem larger for angles of incidence
angle (¢s).” For example, Kamiyzt al.” and R.|chte‘f have (4 neargg because the background signal from the under-
used RDS to studyn snu_several.reconstrucuons of GaAs. lying material is minimized. Mcintyre and Aspri@shave
(001) surfaces prepared in ultrahigh vacuum by MBE and ingho\n that in such differential reflectance experiments
ambient pressure by MOCVD. Kobayashi and Honkps?n AR/R often peaks between 45° and the pseudo-Brewster
have employed SPA during flow-rate modulation epitaxy ofyng1e SPA experiments have often been conducted Mear
GaAs as ann situ optical monitoring technique. Later, Nishi .1 this in mind.
et al® used SPA to characterize the GaAs surface during
atomic layer epitaxyfALE) with hydride and chloride reac-
tants. Recently, Engt al.” employed SPA to monitor the ll. OBTAINING THE SURFACE DIELECTRIC
GaAs(001) surface during etching by modulated beams o'foNCTlONS
HCI. Dietz et al®° have used a below-band gap version of Several theories of the surface optical response have been
SPA, calledp-polarized reflectance spectroscofBR9, to  developed, the most prominent ones being the three-layer
study the epitaxy of GaP on Si. model of Mclintyre and Aspne¥,the generalized anisotropic
The relative merits of RDS and SPA depend on their relathree-layer model of Hingerkt al,'®!! the microscopic
tive signal-to-noise ratios and the information content ofmodel developed by Del Sole and Fioritbthe dipolar
their signal$%1! Since thep-polarized light used in SPA model by Wijerset al,'* and the electromagnetic model by
has electric field components both perpendicular and paralldtashba?® Here we adopt the formulation of Ref. 10.
to the surface, the reflected beam intensity is affected by Consider a biaxial overlayer with thickneds< A, where
transitions with dipole moments that are parallel and/or pera is the vacuum wavelength of the light, and dielectric-tensor
pendicular to the surface. The electric field of the normallycomponents,,, &,,, ande,, in the crystal coordinate sys-
incident light used in RDS is parallel to the surface, and isem. The bulk and ambient dielectric functions are assumed
therefore affected only by transitions with dipole momentsto be isotropic, and will be called, ande,, respectively,
with components parallel to the surface. As a result, the SPAvith ¢, being real. The laboratory coordinates are defined
signal carries more information than the RDS signal. How-with z perpendicular to the surface ardilong the intersec-
ever, RDS is more powerful than SPA in some respects sincon of the surface and plane of incidence. The normalized
differences in the reflectance between the relatively Ga-rich
¥Electronic mail: iph1@columbia.edu and As-rich surfaces are:
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for s- and p-polarized light, respectively, incident at an of the film and the laboratory, and the subscripts refer to the

angle ¢ to the surface normal, wheraRg,=(Rsp))ca  POlarization of the incident and reflected beams.

—(Rg(p)) As>» 0(0,\)=(87d\e, cosO)N, Seii=(&ii)ca The *“differential” surface dielectric functions dg;;)

—(&ii) as» I'(a)=(1+ cos )/2, and A(a)=  for GaAq00]) are determined using Eg&la) and (1b) by

(1— cos v)/2. « is the Eulerian angle between theaxis a non-linear least-squares fitting procedure to the SPA
data from Refs. 5 and 6 that were obtained during the
ALE of GaAs with G4CHj3); and AsH at nearly the same
growth temperature. Specifically, data from Ref. 5 taken

25 at #=70° for s- and p-polarizations atx ([110]) and y
([110]) azimuths(substrate temperaturd;;=560 °Q, and

20 - N\, Ref. 6 taken at=75° for p-polarization aix andy azimuths
Gats (Ts=520 °Q are used to obtaide,,, de,,, andde,,. The

dielectric function of bulk GaAs4,) at 540 °C is obtained
from the seven harmonic oscillator motfeand is used in
Egs.(1a and(1b). The effective surface layer thicknedss
taken to be 2.7 A for both Ga and As terminated layers
[which corresponds to a GaAs layer in t@921) direction.
The resulting real and imaginary parts of the differential sur-
face dielectric function componentse;; (ii=xX, yy, 22

are shown in Figs. (® and 1b), respectively. The diagonal
components of the dielectric function of the Ga- and As- rich
surfaces can be obtained frofiz;; only with additional in-
formation. If the relation between bulk and surface properties
, , , , ep=[(&ii)cat (&ii) asl/2 is assumed, where is xx, yy, or

22 23 24 25 26 27 28 29 zz, the resulting surface dielectric functions are suspect be-
(a) Energy (eV) causes},<0 below 2.45 eV, probably because this is a poor
assumption.(While this relationship withe,, is probably
somewhat more appropriate for the andyy components, it
is still only approximatg.Only differential surface dielectric
functions are needed to analyze SPA monitoring.

The six combinations of incident angles, polarizations,
and incident azimuths obtainable from Refs. 5 and 6 are the
minimum number of parameters required to obtain the
deii’s. Error analysis was conducted to determine the sensi-
tivity of the surface dielectric functions to experimental pa-
rameters, with the angle of incidence assumed to be the most
uncertain parameter. The results are almost unchanged if a
+2° uncertainty ind is assumed in the experiments reported
in Ref. 5, while the same uncertainty in the data of Ref. 6
changes the magnitude of ti#;;’s by up to 10% with no
significant change in the functional form.

10 : : | | . : More precisely, the data obtained from these six sets of

22 23 24 25 26 27 28 29 experimental conditions form the minimum data set needed
(b) Energy (V) to determine thede;;’'s from the approximate expressions
Egs.(1a) and(1b), which are obtained from the exact expres-

Fio. 1. (a) Real (35) and (b) imaginary (") parts of thexx, yy, and sion_f, for the reflectance of a three-layer structurg by kee_ping
2z components of the differential surface dielectric function of the the first orderd/A term. Use of the exact expressions to find
GaAg001) surface, along with the response of bulk Ga&40 °Q. the dg;;’s would require the use of data from 12 experiments
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Fic. 2. Contour plots of the calculate@d AR, /R, (x-azimuth, (b) AR, /R, (y-azimuth, (c) Im[Se,,], (d) Im[Se,y], (6) AR, (x-azimuth, (f) AR,
(y-azimuth. The thick solid lines in@), (b), (e), and(f) are the 0.0 contours, while the thick dash-dotted lines represent the pseudo-Brewster angle of GaAs
at 540 °C. In(a), (b), (e), and(f), the black section is the most positive value and the white is the most negative, and between them there are 15 contours with
equally spaced values &fR, /R, andAR;, . The maximum value, maximum contour value, spacing between contours, minimum contour value, and minimum
value are:(a) [0.030, 0.025, 0.0067-0.070, and—0.144, (b) [0.164, 0.023, 0.0042;-0.028, and—0.032, (e) [3.65x10°3, 2.81x10 3, 5.40x1074,
—4.80x10 %, and—5.15x10 %], and(f) [1.99x1073, 1.78x10°3, 2.2x1074, —1.37x10 %, and—1.52x10"3].

(which are not currently available-and this would deter- tions can be quite different in some circumstances, especially
mine the surface dielectric functions for both the Ga- anchear the pseudo-Brewster angle. Dietz and Bachrhased
As-rich surfaces—or conditions that interrelate the 12 coma four layer model—with a film upon the substrate—to ana-
ponents of the dielectric functions, such as those describdgze the PRS signal obtained during GaP on Si heteroepitaxy
above. Even though/\ is very small (~10"4), the values and found that tha R/R calculated with the exact and linear
of AR/R calculated using the exact and linear approxima-approximation expressions can differ by more than 20%, de-
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0.04 to obtain the SPA data used here, the difference is less than
5% (70° and 7%(75°. The linear approximation is used
0.0z 1 throughout this article; this should not affect any of the main
0.00 - conclusions obtained here.
0027 lll. OPTIMIZING THE SPA RESPONSE FOR GaAs
-0.04 AND OTHER MATERIALS
5 006 - A. GaAs
20.08 | Figure 2 shows the expected SPA respora®/R and
AR for p-polarized lighj for GaA4001) ALE as a function
-010 7 of # and photon energ§, using thede;;’s obtained above.
0412 - At a givenE, | AR/R| peaks just above or belodg , depend-
ing on the azimuth and photon energy, and can change by a
0147 ' factor of two with a half degree change thnear 6g. In
0.16 | . ‘ ‘ contrast, AR has an extremum near grazing angle, as is also
0 20 40 60 80 seen in infrared reflection-absorption spectroscopy
(@) Angle of Incidence (degrees) (IRRAS).Y For GaAs this occurs at 87° near 2.55 eV for the

x-azimuth, and near 2.35 e¥and 2.77 eV for the smaller
magnitude extremuinfor the y-azimuth. These effects are
clearly observed in Fig. 3, which presents the explicit depen-
dence ofAR/R and AR on 6 for different E. At a given
photon energyAR/R and AR vary little for 6<60°, as is
seen in Fig. 3 for the-azimuth[and is not explicitly shown

in Figs. 2a), 2(b), 2(e), and Zf)]. At 2.55 eV, while the
x-azimuth|AR| attains an extremum near grazing incidence,
|AR| is only slightly smaller from 0° to 60°.

Figure 2 also displays the imaginary parts of the calcu-
lated “differential” surface dielectric function components
dex and de,, for comparison witAR/R andAR. It is seen
that near grazing angl&R has an extremum and there is a
rough correspondence between the structure [rsky,] and
AR for the x-azimuth (~2.55 eV} and between Iide,, |
and AR for the y-azimuth (~2.3 and 2.75 e¥ AR/R does

-6 T . T T not show a similar correspondence. At a givénAR/R
0 20 40 60 80 peaks at th& whereR is minimum, which is usually where
(b) Angle of Incidence (degrees) Im[ ep,] is minimum. As can be seen from Ed.b), the SPA

signal depends on the dielectric functions of surface and the
Fic. 3. The dependence ¢ AR, /R, and(b) AR, on the angle of inci-  bulk in a rather convoluted way, especiallyeif is complex.
dence at different photon energig8aAg001), x-azimuth, 540 °G: By and large, regions ind—E parameter space where
AR/R andAR are positive for thex-azimuth are negative for
) o ) ) . they-azimuth, and/ice versaThis suggests that the arrange-
pending on the angle of incidence and dielectric functionsyent of the atoms on the surface after the B&E) depo-

of the substrate and the filtior weakly or non-absorbing jiion step is approximately perpendicular to that after the As
surfaces For SPA, where the surface layers often absortﬁeposition step.

strongly, this difference can still strongly depend on the
exact surface dielectric functions that are used, as well
the angle of incidence and the magnitude of the substrat
dielectric function. For example, the difference between More general conclusions can be drawn about optimizing
the value ofAR/R obtained here for GaAs using the approxi- the magnitude of the SPA respord&;, and analyzing this
mate Eq.(1b), calculated with the “differential” surface response to determine the “differential” surface dielectric
dielectric functions §¢;;), and the exact expression, function de by using hypothetical bulk and surface dielectric
calculated from the difference dR from two three-layer functions. Figure 4 shows two rather simple cases where the
models(one for the Ga-rich surface and one for As-rich sur-bulk e, and surfaceSs are modeled as single harmonic os-
face, using the €;;)g, and (i) as Obtained froméde;; and  cillators with different resonance frequencies. The vy,
ep=[(¢ii)cat (€ii)asl/2) is less than 8% wher differs and zz components ofés are assumed to be equalR

from 6g(E) by 0.5° or more(At the pseudo-Brewster angle reaches an extremum near grazing incidence and the main
of the substrate, this difference-s18%., At the angles used ‘“structure” of AR near grazing incidence follows that of

. General systems
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Fic. 4. AR, in (a) and(b) as a function of photon energy and angle of incidence for the “simple,” single oscillator bulk and differential surface dielectric
functions shown ir(c) and(d), respectively. Part&) and(b) have 15 equidistant contours in the interf@l00008(black-(—0.02561 (white)] and[0.0104
(black-(—0.0122 (white)], respectively. The thick solid lines i@) and(b) are the 0.0 contours. Ift) and(d), the solid lines are the real and the dot-dashed
lines are the imaginary parts, respectively, of the Hiiin lines and the surfacéthick lineg dielectric functions.

de; the resonances ia, have relatively little effect. In the can be much smaller or even a little larger. As seen in Figs.
examples shown in Fig. 5 the forms chosen for éls and  2(f) and 4a), there may not be a shallow-angle extremum
de's are more physical. Specifically,, is that of GaAs and corresponding to that near grazing incidence.
the Se’s are constructed by taking the difference of two  Although analysis ofAR/R can improve the signal-to-
“four-harmonic oscillator” model dielectric functions. As noise ratio vis-avis that of AR if there is noise in the optical
seen in Fig. 5AR can have multiple extrema and looks more source, this analysis for GaAs and other general systems
complex than that with the “simple’de ande,. However, shows thatAR is more informative about the electronic
the complex and simple cases have two common featurestructure of the surface. Most of the noise in the optical
(1) the extremum oAR in #— E space is almost always near source can be removed by nullidgR by subtracting a con-
grazing angldwhich is not obvious from Eqg(lb)] and Eq. stant or variable fraction oR. Operation near the pseudo-
(2) near this angle of incidence the “structure” ikR ap-  Brewster angle minimizes the background contribution of
proximately follows that in Imée] [which is obvious from R, but this is not always necessary, and, in fact, often does
Eq. (1b)]. not maximize|AR|. Analysis of AR near grazing incidence

In Figs. 2e), 4(b), and %a), each extremum near grazing usually gives the largest response, as well as direct informa-
incidence has a corresponding local extremum of oppositéon aboutde. (Clearly 5 can also be determined using data
sign at approximately the same energy, which has a valuebtained at other anglgsFigures 2 and 3 are helpful in
that changes little from 0° to about 40°-60°. Usually thisdetermining optimum working parameters #rE space for
shallow-angle extremum has a magnitude that is only a littleSPA monitoring of GaAs, as well as “safe” operating pa-
smaller than that near grazing incidence, but sometimes itameters. In particular, experiments should avoid the “zero”
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Fic. 6. The dielectric function anisotropy difference between the§} and
c(4x4) reconstructions of the Ga#301) surface obtained from the RDS
data of Ref. 10 compared with the dielectric anisotropy calculated here from
SPA experiments.

N that the As-rich surface observed by Nigtial® and Koba-
-1 = . 1 . ] yashi and Yorikoshiresembles the(4x4) reconstruction,
1.5 2.0 2.5 3.0 3.5 4.0 while the Ga-rich surface is similar to thex® reconstruc-

tion. The c(4X4) reconstruction corresponds to a surface

terminated with 1.75 monolayé€ML) As, which is the com-

Fo. 5. AR, in @ function of ohot 4 anale of incid ; mon reconstruction for high As fluxes to the surface and low

1G. 9. pln a) as a ftunction or photon energy and anglie of inciaence for . .

the bulk(GaAs at 540 °Cand “more complex” differential surface dielec- temperature;. ThélXG), surface is a mlxedGa and A$ .

tric functions shown ir(b). Part(a) has 15 equidistant contours in the inter- Surface. This observation does not rule out an alternative

val [0.0022 (black-(—0.0027 (white)]; the thick solid lines are the 0.0 reconstruction for the Ga- or As-terminated surfaces during

contours. In(b), the solid lines are the real and the dot-dashed lines are then | E. The most common As- and Ga-rich surface reconstruc-

imaginary parts, respectively, of the bulthin lines and the surfacéthick . - . .

lines) dielectric functions. tions are the so-called missing dw_ner structures with 0.75
ML As and Ga coverage, respectivel{2x4) and (4X2)

reconstructions The surface dielectric anisotropy obtained

line and steep terraces. These figures suggest that for moritom SPA data seems to discount this possibility.

toring the GaAs surface, a shallow angle of incidence may be Kobayashi and Horikoshi observed that at 2.6 eV

preferred to grazing incidence because of the need to optAR/Ry.azimuir>0 and AR/Ry.aimur<<0 (for p-polarized

mize the angle of incidence near grazing anggeep ter- light), which is opposite of what they expected. Their expec-

race. tation seems to be based on tt®<4) (As-terminatedl and

(4X2) (Ga-terminate reconstructions with dimers being

IV. COMPARISON WITH RDS a_llong thex andy direqtions, respectively. The reconstrug-

tions deduced from Fig. 6 produce a possible explanation

The surface dielt.actr_ic function informgtion obtained from pecause on the(4 x 4) surface As dimerization is along the

RDS and SPA monitoring of GaAB0]) epitaxy can be com- y_gjrection and the Ga-terminated surface is probably a

pared by examining the difference in various components o 1x6) surface which would have a higher response in the

g;; for different surfaces. In Fig. 6, the difference in Surfacex-direction.[The comparison in Fig. 6 does not rule out a

dielectric anisotropye,—e,y for different surface recon- (2xg) surface, which would be a better explanation for the

structions(from the RDS data of Ref. 30s compared to  gpservation,

that determined heree,,—dey, from the SPA data of

Refs. 5 and 6. It is seen that thi,,— deyy= (exx—&yy)Ga

—_(s_xx—syy)AS of the fitted surface dielectric fun(.:t.lon.s IS \/ CONCLUDING REMARKS

similar to (exx— £yy) 1x6— (Exx— €yy) c(axa) Of Ref. 10; it dif-

fers greatly from othee,,—e,, differences obtained using In conclusion, available SPA data obtained during ALE

RDS (which are not shown in the figuxeThis would suggest are used to obtain the differential dielectric tensor of the

Photon Energy (eV)
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