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In situ spectroscopic ellipsometry of GaA€01) surface reconstructions
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GaAg00]) surface reconstructions prepared by molecular-beam epitaxy were siodsitd by spectro-
scopic ellipsometrySE) and reflectance difference spectroscopyreflectance anisotropy spectroscppg a
function of temperature. Simultaneous measurements of the dielectric function by SE and the reflectance
difference Ar/r allow us to identify surface and bulk-related contributions to the optical anisotropy
Ae=g770—€110- FOr the (2<4), the c(4x4), and the (&2) reconstructions we find resonances in
Im(Ae) at 2.9, 2.6, and 2.25 eV &t=80 °C. Although the resonance at 2.9 eV coincides withEheéulk
transition and also shows the same temperature dependence, they can be distinguished, because the surface
contribution changes the sign when switching from thex@) to thec(4x4) reconstruction and the bulk
contribution remains the samg50163-182806)06320-5

The most useful technique to measure the optical anisot- The experiment was performed in a MBE chamber that
ropy induced by the reconstruction of semiconductor surwas equipped with an ellipsometer fior situ SEX? Strain-
faces has so far been reflectance difference spectroscopye windows® were used for optical access to the samples at
[(RDS), also termed reflectance anisotropy spectrostbpy an incident angle of 72.5°. Undoped, nominalB01) ori-
g(lo(r?sq[rlzﬁ??ﬁs t(l)t r;](?l?it(?reﬁlg ;rso?/sthtokir:gﬁgg;ynm?) ri‘égaceented, epiready GaAs substrates were used for the investiga-
sure the surface stoichiomethSpectroscopic ellipsometry tion. Two (10x 40}-mmz large samples were clea\{ed out of
(SE), on the other hand, has been employed to measure tﬁge same w_afer in such a way t_hat _the long side of one
critical point energies of GaAs, their type and dimension,S@mple is oriented along tfj@10] direction and that of the
line-shape broadening, and the possible influence of manyether piece along th¢110] direction. Both samples were
particle effectS™’ In situ, SE has been proposed to control mounted side by side with In on a 2-in. Mo sample holder.
the growth by organometallic molecular-beam epifaapd  After loading to the MBE chamber the oxide was thermally
the temperature during molecular-beam epitéBE).° De-  desorbed in an Agflux corresponding to a beam equivalent
not yet been employed to determine the optical anisotropy;oas puffer layer was grown with a growth rate of 0.5
mduce'd by th'e surface reconstruction. In th|s paper we show m/h at a substrate temperature of 580 °C. After growth the
that this can indeed be done by simply taking the differenc ) :

2X4) surface reconstruction was observed by reflection

of the SE response in two perpendicular directidgimsour ) _ : :
case the[llO]pand the[TlO]pdichtion on the G:;(QOD hlgh—ener_gy electron diffractiofRHEED). This surface re-
surfacd. We call this technique spectroscopic difference el-construction was then quenched to room temperature by low-
lipsometry(SDE). Similar to RDS, the surface-induced opti- €MNg the substrate temperature and the As bgam f!ux. Since
cal anisotropyAszsﬂo_sllo of the surface |ayer can bhe the RHEED pattern remains UnChanQEd durlng this proce-
gained if the bulk dielectric function of the substratgis  dure, we assume that the reconstruction does not change. To
known. In the case of SDE, howevey, is part of the mea- prepare thec(4X4) reconstruction, the Asbeam flux was
surement itself and does not have to be measured separatglgcreased at a lower substrate tempera&08 °O after the
as is the case for RDS. RHEED pattern has changed to thex(2) symmetry char-
The well-documented RDS response of the As-terminatedcterizing this surface structure. The Ga-richx(2) recon-
(2% 4) reconstructioh®*° shows a resonance around 2.6 struction was prepared either by depositing Ga with a low
eV at growth temperature®00 °QO, which is attributed to  growth rate at a substrate temperature of 580 °C and a low
electronic transitions involving the As dimers present on theAs, beam flux corresponding to a pressure of ' Torr
surfacet! The energy value for this resonance is close to thaor by carefully annealing the substrate in vacuum above 650
of the E; transition of the bulk. To gain insight into the °C. While monitoring the RHEED, the Ga deposition or the
nature of this electronic transition, it is of interest to study itsannealing was stopped at that moment when the twofold pe-
temperature dependence. Thus, in addition to demonstratingpdicity of the (2X4) changed to the fourfold periodicity of
the technique of SDE and comparing it to RDS, we presenthe (4X2). This sample was transferred at high tempera-
in this paper the surface-induced optical anisotrdpy of  tures and a pressure belowk20 1° Torr into the adjacent
different GaA$001) surface reconstructions obtained from buffer chamber that was free of arsenic. After the preparation
the RDS and the SDE measurements at different temperaf the different surface reconstructions, the MBE chamber
tures. was pumped to a pressure below 20 Torr to avoid the
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2¢ 1 FIG. 2. Imaginary part of the surface-induced optical anisotropy
20t P ] As=g7170— €110 Of the GaA$001)-(2x 4) surface reconstruction at
18} ’ 80 °C.
16 .
L3 Pt (lower par} of GaAs at 80 °C. The dominant feature of the
w 2f RDS response at 2.9 eV is to be compared to that typically
10 measured at 2.6 eV at growth temperatures of 60&4¢.
8t The observed shift to higher energy is due to the lower tem-
j' ........... Real part ] perature. It exactly corresponds to the shift of e bulk
N Imag, part ] transition in the same temperature range as will be discussed
o ) . . . . below.
15 20 25 30 35 40 45 In order to extract the surface-induced optical anisotropy

of the dielectric functionAe, we employ a three media

model consisting of bulk GaAs as substrate, a thdregd)

surface layer representing the reconstructed surface, and the
FIG. 1. Real(dotted ling and imaginary(solid line) parts of the ~ vacuum as ambient. The analytic formalism summarized by

reflectance differencar/r and the spectroscopic ellipsometric re- Hingerl, Aspnes, and Kamiyawas used to calculatde

sponsee of the GaA$001)-(2x4) surface reconstruction at 80 from the SDE response:

°C.

Energy [eV]

idAe = P10~ P110 N (80— 1)(&oC0S p—Sinf¢h)
contamination of the surface or the change of the surface priot p1io 27 COSP(eg+ £0C0Sp—2 sirfe)’
reconstruction due to residual Asluring the measurements. )

SDE was performed with a commercially available spec-?11dPT10) €quals the measured tarexp(A) values with the
troscopic ellipsometé? equipped with a prism monochro- S-polarized component of the light oriented along fi&0]
mator and a 1024 silicon diode detector array. The fixedlirection (110] direction. For €, the bulk dielectric func-
angle of incident is 72.5°. The optical alignment of the el-tion, we take the arithmetic average of the two measure-
lipsometer was arranged such that the ovalX85)-mn? ments; ¢ is the angle of incident for the SE measurement
light spot covered both samples to the same amount. A smaf2.5°).
aperture behind the analyzer allows for the measurement of For the case of the RDS measuremept=0°) Ae re-
only one sample at a time. SE of the optical anisotropy in-duces to the well-known expressfon
duced by the surface reconstructions along the two principal
axes can now be performed by only moving the aperture
from one sample to the other. A sample rotation or a move-
ment of any optical element would introduce slight but un-
known geometric changes and would spoil this very sensitivd’he result of this calculation for the measurements of the
measurement and can be avoided this way. (2X4) surface reconstruction at 80 °C is shown in Fig. 2.

For comparison with SDE, we have performed RDS withThe imaginary part oA e extracted from the RDS response
a homemade spectrometer utilizing the standard setup aend the SDE both show a resonance at 2.9 eV with a shoul-
cording to Aspned. By measuring both samples subse-der 240 meV above this value. The line shape and the abso-
guently, which again corresponds to a rotation of the sampléute value ofAe obtained with both measurement techniques
by 90°, a residual strain in the window can be taken intoshow excellent agreement. The better signal-to-noise ratio of
account and subtracted from the data. The full spectrum adhe RDS with respect to the SDE measurement is expected,
quisition time is 1 min for the SDE data and 3 min for the since the former employs a modulation technique in combi-
RDS data. nation with a lock-in amplifier, whereas the latter originates

Figure 1 shows the real and the imaginary part of thefrom taking the difference of two spectra only. The spectral
measured RDS responger/r (upper park of the (2x4) resolution of the SDE, however, is better than that of the
surface reconstruction and the bulk dielectric function  RDS.

Ar N Ar 10— 11
idAe=— —(so—1) with — =222 110
roam r M0t 110
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FIG. 3. Imaginary part of the surface-induced optical anisotropy [ 2.4} O SDE
Ae=¢e710— &110 Of the GaA$001)-c(4Xx4) surface reconstruction -
at 80 °C. 23+ 4x2):
L ) [ x X RDS
The imaginary part oA e of the GaA$001)-c(4x 4) sur- < + o, + SDE
face reconstruction measured by RDS and SDE at 80 °C is 271 ¢ o+ 4
shown in Fig. 3. The rotation of the surface dimers of this T
reconstruction with respect to the X2) reconstruction re- 20F x
sults in a change of sign ake.%° In addition, the 2.9-eV P S Y ST E U TR E
resonance is shifted to lower ener(®:8 e\) and a second 0 100 200 300 400 500 600
resonance at 2.6 eV is observed. The positive signal above o
2.85 eV shows the signature of tiig andE,+A; transi- Temperature (°C)

tions of the bulk. Again, the RDS and the SDE measure-

ments .glve comparable results, except for the dlfferencelln FIG. 5. Temperature dependence of the dominant contributions
the rat'c_) of the absolute \_/aIue_s of the two resonances Ing, Im(Ae) (symbolg and theE,; andE;+ A, transition of the bulk
volved in the spectra. This might be due to the different;ineq pashed lines, oscillator fit to Ineg); solid lines, fits of the
penetration depths because of the different angles of inCkecond derivative spectrud?eq(w)/dw? to analytic critical-point
dence used in both measurements. line shapes; triangles, (24) reconstruction; squares(4x4) re-

The imaginary part ofAe of the Ga-terminated (42)  construction; and crosses, X2) reconstruction.
reconstruction at 80 °C is shown in Fig. 4. Similar to the

response of the(4xX4) reconstruction, the signal is nega-  SpE and RDS measurements were performed at substrate
tive, i.e.,e710<¢e110, iNn agreement with the 90° rotation of temperatures ranging from 80 °C up to 500[Bove which

the Ga dimers with respect to the As dimers of thext®  the c(4x4) changes to a (24) reconstructioh The tem-
reconstruction. At low temperatures two distinct resonanceperature was measured with a W/Re thermocouple on the
at 2.25 and 2.6 eV can be observed. To higher temperaturegackside of the sample holder. Special care was taken for the
the amplitude of the latter feature decreases and the spectrigpecification of the actual surface temperature. The thermo-
shifts to lower energies. At growth temperatures it corre-coyple reading was calibrated not only to the oxide desorp-
sponds to the 1.8-eV feature observed in RDS in earliefion temperature at 580 °C but also to data in the literature by

work.*° directly comparing the own ellipsometric spectra with those
measured by Maracast al® The respective surface recon-
L.5 T - - ] struction was simultaneously monitored by RHEED in order
l.oF —RDS . to be sensitive to any changes in the reconstruction at higher
sl SDE ] temperatures.
_ ' The temperature dependence of the spectral features con-
g 00 tained in ImQA\ &) is shown in Fig. 5 together with that of the
= 05 E; andE;+ A, bulk transitions extracted from the dielectric
T -10 function. The energy positions were determined in the case
£ -5 of the surface anisotropy spectra by fitting Lorentz oscilla-
= l ’ tors to the ImQAe)d spectra. In the case of the; and
20 E;+ A, bulk transitions two different approaches are cur-
25T . Ell Era , ] rently employed for the analysis of the dielectric function by

1.5 2.0 2.5 3.0 3.5 4.0 different groups: Maracast al’ use a seven-oscillator
model, whereas Lautenschlageral > employ a fitting of the
second derivative spectrunt?so(w)/dw? to analytic
FIG. 4. Imaginary part of the surface-induced optical anisotropycfitical-point line shapes. In the former procedure, the ob-
Ae=eT10— €110 0f the GaA$001)-(4 X 2) surface reconstruction at tainedE; andE;+ A critical-point energies are influenced
80 °C. by the parameters of the five additional oscillators. The latter

Energy [eV]
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procedure subtracts the background and especially takes infar been attributed to electronic transitions involving the As
account the line-shape dimensionality of the critical pointsdimers and thus directly linked to the existence of the
involved in the optical response. We have employed both{2x 4) reconstructiort=*1%!1Skepticism about this interpre-

techniques in order to estimate the error that can be made tation is justified due to the coincidence of this feature with
the analysis of the dielectric function. The dotted line in Fig.the E, bulk transition. Anisotropic bond polarizabilities or

5 shows the result of a three-oscillator fit and the solid linestrain may give rise to a RDS and a SDE signal at the bulk
that of the 2D critical-point line-shape analysis. In the oscil-¢yitical-point energies, which would mean that the 2.9-eV

lator fit the oscillator around 4.5 eV does not influence thege ot re is not related to the surface reconstruction. In this
two oscillators forE; andE;+ A4 . This is expected to result respect the low-temperature optical response of the

n hlghgr critical-point energies and a_weaker temperatur%(4x4) reconstruction is very interesting and may solve this
dispersionE, andE,+A,. The dotted line thus represents uncertainty. For this reconstruction we do find both the
an upper limit for the analysis of the critical-point energies. _ . theE,+ A, bulk signature withe 135> 10 at 2.9 and

Two Lorentz oscillators have been used to fit a(d of 313 eV r tivelv. and th of ; n {283 eV
the (2x4) reconstruction. Within the sensitivity of the mea- ™. e_, espectively, a € surlace response at .63 €
with e770<e110- Only because of the different polarity of

surement and the fitting procedure their energy positions COBoth contributions we are able to distinguish them. For the

incide with that of theE; and theE;+ A, bulk transitions : )
obtained from the line-shape analysis and also show thE?4) reconstruction bo_thihe bulk and the surface contrib-
e with the same polaritg 770> €110 to the signal and are

same temperature dependence. For the sake of clarity Fig'uéus difficult to distinguish. In this respect our measurements
hows only the ener itions of th minant low-ener . . " . )
shows only the energy positions of the dominant low-ene 9%re in favor with the previous interpretation of the 2.9-eV

feature. . . .

For thec(4X4) reconstruction, only the SDE measure- feaélé;enzow?ﬁdngegsgoe:rP; rl%)cogs\tlzgf/g?ntﬁgr:egzmgqlt”:)f
ments have been analyzed. Because of the better spect Qener al )és and the. tém orat re’ dis e?s'on oint to a
resolution compared to the RDS measurement, the fittin gy valu peratu ISPErsion pol

trong coupling of the electronic surface states to the bulk

procedure is more reliable for the former and results in large tates. Surf train induced bv th o reconstruction
error bars for the latter. Three Lorentz oscillators have beeR o o> Surtace stra uced by the surtace reconstruction,
ost likely due to the As dimerization, may also still con-

used to fit the data: two for the surface response wit ribute to the optical anisotropy
T10< < + - ) R .
2110 €110IM(A2)d<0] and one for thé, + A, bulk tran In conclusion, we have investigated the three main sur-

iti ith 730> €110 ' i - . o= e
sition with &3 30> 130. The best fit can be obtained by add face reconstructions of the Ga@91) surface within situ

ing a fourth Lorentz oscillator for th&; bulk transition at spectroscopic ellinsometry as a function of temperature. Em-
2.93 eV without a change of the resonance position of theP b b y P '

other peaks. The high-energy branch around 2.8 eV shovJ%onmg a simple difference technique we were able to mea-

; Syre an optical signature in ellipsometry that is induced by
the same temperature dependence as the dominant feature ﬁ) . o .
the surface reconstruction. Within the theoretical framework

the (2x4) reconstruction; however, the low-energy branch, .
N . ; of a three media model we have calculated the surface-
which is well separated from the bull, signature, displays . . , - .
induced optical anisotropie =e7179— €119 Of the different

a different temperature dispersion. reconstructions. The optical anisotropy spectra obtained from

nomzsoﬁtéﬁl g?tzzovl?/istﬁ irr?r(gc)adLgIetgtez (C)A';éiz”;tggoggmgr toRDS measurements performed on the same samples for com-
. parison show excellent agreement with the ellipsometric

?rr:gic'ia\ess:t\/e\/:‘[rﬂlphi:é%ix ?)Llrket(; ggiftrilé(:;);ﬁ;fn; ?hs;l:llaé%rlkco- measurements. The dominant contributions in the imaginary
1.1 1 3part of Ae at 80°C are resonances for theX2), the

transition may be hidden within the broad structure around £(4x4), and the (& 2) reconstructions at 2.9, 2.6, and 2.25

o e o o 2% 4L, espectely. n al cases, hovever, osollalor a h en
P 9 ergy values of thdz; and theE;+ A; bulk transitions have

2.3 eV. . , : ; .
The measured optical anisotropy of all three surface reEO be included to fit the experimental results satisfactorily.
constructions involves resonances around Eheand the We would like to acknowledge the expert help of Hans-

E;+A; bulk transitions withe 775> e110. Of special interest Peter Schoherr with the MBE system, G. Jungk for many
is the optical response of the ¥2) reconstruction. The valuable discussions, and G. Maracas for providing his ellip-
2.9-eV featuregat high temperatures around 2.6)ehas so  sometric measurements for our temperature calibration.
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