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The dielectric function of AlSb from 1.4 {0 5.8 eV determined

by spectroscopic ellipsometry
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We have prepared AlSb substrates for optical measurements by chemomechanical polishing
and etching. The guality of the surface was investigated with optical and electron microscopy
and by Raman scattering and ellipsometry. We have measured the pseudodielectric function
{€) (@) of AlSb in the 1.4~5.8 ¢V photon-energy region with a spectroscopic ellipsometer. A
peak value of (€,) = 24.6 at 4 eV was reached. We list the refractive index, the reflectivity, and
the absorption coefficient, and obtain the critical point parameters at 300 K. Finally, we fit the
index of refraction of AlSh at low photon energies with 2 semiempirical model.

L INTRODUCTION

About five years ago, the dielectric functions (¢} (w) of
8i, Ge, and most III-V semiconductors were measured in the
1.5-6 eV spectral range by Aspnes and Studna.! They
showed that spectroscopic eflipsometry is a suitable tool for
obtaining {(¢€) (@) with high accuracy. Such information is
important for optical applications as well as of fundamental
interest, since the band structure of a semiconductor is close-
ty related to its optical properties.” Comparatively little
work, however, has been done on the aluminum com-
pounds.>? The refractive index® and the absorption coeffi-
cient®!® of AlSb have been measured only below the direct
gap (2.3 eV). For two reasomns it has been difficult to obtain
the optical constants in the visible and near UV region: (i)
Large, high-quality single crystals are rare; (i} the surfaces
of these materials react rapidly with air, which makes it im-
possible to achieve abrupt bulk-air interfaces needed for pre-
cise reflection measurements. Therefore, Garriga et al.*!
have used a molecular beam epitaxy {MBE)-grown sample,
consisting of a 1-um-thick AlAs layer covered by a protec-
tive 20-A GaAs film, to measure the optical constants of
AlAs.

Many investigators of AlSb have measured surfaces
cleaved in ulirahigh vacuum'? or in an electrolyte,? as pol-
ished surfaces tend to tarnish in air. They have found, how-
ever, that pure samples are more corrosion resistant.' In
this work we show that the usual wet-chemical etching pro-
cedure' yields AlSb (111) surfaces of sufficient guality for
ellipsometric measurements. We discuss different processes
of polishing and etching and give the resuits of our ellipso-
metric measurements at room temperature between 1.4 and
5.8 eV. We obtain the reflectivity, the absorption, and the
complex index of refraction and perform a Kramers—
Kronig'® consistency check. From the numerically calculat-
ed second or third derivatives of (€} (w), we obtain the criti-
cal point (CP) parameters by performing a fit to analytical
line shapes.'® Finally, we fit the index of refraction at low
photon energies with three models suggested recently for
compound semiconductors, ' '®
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I POLISHING AND EXPERIMENTAL SETUP

AlShslices with (111) faces were cut from a large, light-
ly (10'°em™?) In-doped single-crystal, which was grown by
the Czochralski method as described elsewhere.”® The sam-
ples were lapped with 3-um microgrit®’ on a giass plate. As
AlSbis hygroscopic and reacts with humid air according to®?

AlSb + 3H,0- AI(OH), + SbH,,
2SbH,«»28b + 3H,,

and with oxygen according to*
H.O

4AISb + 30, — 2A1,0, + 4Sb,

it is very difficult to polish. In the following, we discuss three
different polishing methods. We emphasize that the quality
of the surface obtained depends an the crystal quality. Poly-
crystalline samples, crystals with many dislocations, or
small inclusions of metallic aluminum (about 10 pm in di-
ameter and visible with an electron microscope} are very
hard to polish and/or do not withstand the etching proce-
dures.

The simplest treatment for AlSb uses a commercial con-
tact lens polish?® and a black pad,* with minimum pressure
and high speed, which will yield a shiny surface without
scratches visible o the eye and an “orange peel” look, i.e., a
wavy surface with little pits. Samples treated in this way are
adequate to perform Raman scattering®?® or absorption ex-
periments.'” An alternative methed uses a dish soap-based
polish (95% dish detergent, 2% Repiglas,® 2% metal po-
tish, and 1% water) under moderate pressure, vielding a
shiny surface with a uniform pattern of scratches, only visi-
ble under the microscope, but without the “orange peel.”

The existence of overlayers on the surface is the crucial
question in order to estimate the suitability of a sample for
ellipsometric measurements. Therefore, the samples have to
be etched /n sity immediately before the measurement,
Aspnes and Studna' have given prescriptions how to remove
such oxide layers for a large number of semiconductors. As
this procedure will enhance scratches on the surface, it is
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desirable tc have surfaces without microscopic scratches.
(The ellipsometric results are not very much affected by
scratches, but a sample with scratches will rapidly deterio-
rate when being etched.) Such scratchless surfaces could be
obtained with the following method: After lapping, the sam-
ples were polished with 1~em diamond spray”’ on an RAM
potishing disk®® thoroughly scaked with water untii the sur-
face started to become bright, then with a solution of Repig-
las?’ and NaQCl on a black pad.”® The final treatment uses
90% Syton and 10% NaQCl, then 0.1% bromine in metha-
nol (BrM ) on a black pad. The microscopically smooth and
scratchless surface was etched in a solution of 1 part of
HMNO, (40% ), 2 parts of HE (60% ) in 2 parts of water for 2
min, then in 3 parts of HNO; (40%) and 2 parts of HCl
(40% ) for about 1 min. Between the different steps the sam-
ple was rinsed with distilled water and blown dry. This pro-
cedure yielded a surface that was without pits or scratches
under an optical microscope. The samples were also investi-
gated with an electron microscope. The surface was smooth
but a few smal! NaCl crystals (residue from the hypochlorite
polishing) could be seen. ‘

The chemical treatment immediately prior to the mea-
surement is the same as the one suggested for InSb by Aspnes
and Studna.?® The sample was again polished for abowvt 30 s
with BrM on a black pad (BrMpad}. The brown film form-
ing on the surface could be removed by a short quench in
ultrapure isopropanol. (The samples should not be im-
mersed in isopropanol for more than a few minutes, as a
shiny black film wil form on the surface.} Then the sample
was mounted on the sample holder in a windowless cell, the
ellipsometer was calibrated,’ and a wet chemical etching
procedure as described in Ref. 31 was carried out while, si-
multaneousty, ellipsometric data were taken. Following the
“Biggest is Best” rule' we performed several etching steps
vntil no significant increase of (&,) at the £, peak (about 4
eV) was possible. Best resuits were obtained by etching with
BrM, rinsing with isopropanol and blowing dry with a
steady fiow of pure dry nitrogen gas. We always started with
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FIG. 1. Real and imaginary part of the pseudodieleciric function of AlSh at
300K as measured (dotied lines ) and after a suitable correction (solid line)
to reproduce the highest values obtained while etching (8, & ). The value of
Ref. 7 at 1.13 eV is shown for comparison.
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a more concentrated solution {(about 0.1% ) of BrM and lat-
er diluted this with more methanol. This probably indicated
that in a higher concentration of BrM the stripping of polish
residues, overlying oxide or hydroxide films, metaliic or
amorphous antimony, microscopic roughness, and damaged
regions dominates, whereas a diluted BrM solution forms a
passivating layer that protects the surface.” The surface
stayed highly reflective for more than 1 h when nitrogen was
continuously blown over the sample, but degraded within a
few minutes in air. Macroscopic scratches and pits on the
surface caused by the BrMpad treatment and the stripping
procedure do not reduce the optical quality.

After etching, the system was calibrated again, since the
optical properties of the surface had drastically changed dur-
ing the etching process. Measurements were performed with
an automatic spectroscopic ellipsometer of rotating-analyz-
er type' (RAE) in the 1.4-5.8 eV region. The setep and
procedure have been described in detail elsewhere.*? All the
spectra were taken with a mesh of 5 or 10 meV at an angle of
incidence of 67.5° and with the polarizer at 30° with respect
to the plane of incidence.

1. RESULTS AND DISCUSSION

The pseudodielectric function of AiSh, measured imme-
diately after the etching process, is given in Fig. ! (dotted
lines) in the 1.4-5.8 eV photon-energy region. The two ex-
perimental specira (measured with different gratings) do
not match in the region of overlap because of different sur-
face contamination. Qur highest value of (¢,) = 24.6atdeV
indicates a very good surface quality. This peak value is com-
parable to that of GaSb (25.24 at 4.04 eV, see Ref. 1) and
AjAs (~30at4.69¢V,see Ref. 11). The symbols at 4.0 and
4.2 eV give the highest results obtained during etching. We
have therefore corrected™ the already very good higher-en-
ergy experimental spectrum for a 0.3-nm-thick GaSbh oxide
overlayer. {The GaSbh oxide data from Ref. 34 were used, as
no informaticn on the optical properties of native oxides on
AlSbis available. In fact, the native oxides on ali I1I-V com-
pounds are very sirnilar in this respect, at least at 4 eV and
below.”**} This corrected spectrum fits the experimental
points at 4.0 and 4.2 ¢V very well. The lower-energy spec-
trum, taken at a different time, had to be corrected for 0.9-
om GaSh oxide in order to maich the higher-energy one at
3.5 eV. The result is given by the solid line in Fig. 1. Al-
though we cannot rule out that higher ¢, peak values than 26
may be achieved by different preparation methods, we be-
lieve that improvements should be small. The corresponding
reflectivity peak of R = 0.7 at4.33 eV is more than twice that
of Ref. 12 and comparable {0 other zincbiende materials.

The most exact previous measurements of the optical
constants in the near-IR region below the indirect gap (1.6
eV ) have been performed by Oswald and Schade.* Unfortu-
nately, the data cannot be read with accuracy from the origi-
nal figures. Therefore, we use their index of refraction as
given in Ref. 7 and the absorption coefficients from Fig. 45 in
Ref. 5. The index of refraction approaches n = 3.0 below 10
g (see Refs. 4 and 5). Therefore, €( o } ~9 seems to be the
correct value of the IR dielectric constant. This is in good
agreement with the independent result €(w ) = 9.9, ob-
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tained from an analysis® of the reststraklen band around 30
pm. That result® for the long-wavelength dielectric constant
€(0) = 11.2 also predicts the correct®® Raman frequency for
the zone-center jongitudinal optical phonon via the Lyd-
dane-Sachs—Teller relation.’® The value of €( o) = 10.2
from Refs. 6 and 9 is probably due to a misinterpretation of
Oswald and Schade’s original data. Indeed, Hass later’’
withdrew his own data® in favor of those of Ref. 8.

We have performed several checks on the consistency of
our data. A Kramers-Kronig analysis'® of {,) gives a spec-
trum that is essentially displaced from the measured {¢,;} by
a smooth background due to absorption above 5.6 eV, with
the exception of the RAE artifact’ below 2.5 eV and the
region around 3.5 eV where the two spectra were matched.

TABLE & Optical properties of AlSb, determined by ellipsometry, i.e., real
snd imaginary part of the pseudedielectric function (e}, complex refractive
index {n,k), reflectivity R, and absorption coefficient a. The absorption
data below 1.7 eV were taken from Ref. 5, between 1.7 and 2.2 eV from Ref,
10,

E {€)) (&) n k R @
(eV) (10 em™ ")
1.4 12.23  0.0007 3.50 0.0001 G.308 Q.02
1.5 12.5¢ 0.001 3.54 0.0002 0.312 0.03
1.6 1291 0.002 3.60 0.0003 0.319 0.05
1.7 13306 0.007 3.66 0.001 0.325 0.2
i.8 13.93 0.015 3.73 0.002 0.333 0.3
1.9 14.53 002 3.81 Q.003 G.341 3.6
2.0 15.24 0.03 3.90 0.004 0.350 0.8
2.1 16.08 0.05 4.01 0.006 0.361 1.3
2.2 17.54 0.08 4.20 0.01 0.378 2.4
23 18.50 2.1t 4.31 Q.24 0.390 871
2.4 1962 2.99 4.44 .33 0.402 §2.0
2.5 2097  4.25 4.61 0.40 0.417 117.0
2.6 2276 6.09 4.81 0.63 0.436 166.8
2.7 2498 9.35 5.08 .52 0.462 252.1
2.8 25.30 16.70 5.27 1.58 0.496 449.3
2.9 17.41 19.19 4.66 2.06 0.486 605.7
30 16.54 17.82 4.52 1.97 0.473 599.0
3.1 16.30 1943 4.57 2.12 0.485 668.0
32 14.24 22.35 4.51 2.47 0.5Q5 803.1
33 991 22.32 4.14 2.69 0.508 900.8
34 8.77 21.00 3.97 2.64 0.498 911.2
35 8.31 21.33 3.95 2.69 0.503 957.7
3.6 772 22.32 3196 2.81 0.513 1028.7
3.7 6.63 23.35 391 297 0.525 1113.8
3.8 4.53 24.12 3.81 3.16 0.540 1218.3
39 2.16 25.22 3.7% 3.40 0.560 1345.0
4.0 — £.56 26.00 3.50 3.7t 0.588 1506.1
4.1 —é.14 2524 3.15 4.00 0.621 1665.6
42 —11.18 2195 2.60 422 0.662 1799.7
4.3 —12.73 15.94 1.96 4.07 (.691 1776.3
44 —11.20 11.81 1.59 3.7¢ 0,688 1653.6
4.5 — 941 9381 1.45 3.39 (.669 1547.4
4.5 — 811 871 1,38 3.16 0.648 1475.0
4.7 - 717 7.97 1.33 299 0.629 1425.2
4.8 — 640  7.42 1.30 2.84 0.611 1384.6
4.9 — 576 7.06 1.2% 2.72 0.592 1354.9
50 — 529 6.85 §.30 2.64 0.576 13388
5.1 - 500 677 1.31 2.59 0.565 1339.4
5.2 — 495 674 1.3t 2.58 0.563 1360.3
5.3 — 515 653 1.26 2.59 3.574 1394.7
5.4 — 530 6.02 1.17 2.58 0.589 14132
5.5 —5.18 551 1.09 2.52 0.593 1407.9
5.6 - 500 5.12 1.04 2.46 0.594 1399.9
5.7 — 484 4.28 1.0% 2.42 0.592 1393.7
5.8 — 481  4.78 1.00 2.40 0.593 14153
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The rise of {&,) above 5.8 eV (see Fig. 1) is probably due to
absorption in the guartz polarizer prisms. A Kramers—
Kronig sum rule calculation'® of the IR dielectric constant
€,{ o0} from our {e,) data gives a value of 9.2, whick is in
excellent agreement with experiments as discussed above.
Using the same sum rule'” to calcuiate the plasma frequency,
however, we only obtain an effective valence electron density
of 2.4 electrons per atom at 5.8 eV. This is similar to silicon®®
and due to having neglected absorption above 5.8 eV.

In Table I we give the corrected values of the pseudodie-
lectric function as a function of energy, together with the
complex index of refraction, the reflectivity, and the absorp-
tion coefficient calcuizted from {¢). Due to the RAE arti-
fact,’ our values of {&,} are inaccurate beiow the direct gap
ang were replaced by data from other sources. Below 1.7 eV,
we give the absorption coefficients from Ref. §; between 1.7
and 2.2 eV, we use the values from Ref. 10.

In order to analyze the critical points {CPs) of AlSh, we
have numerically calculated the second and third derivatives
of the pseudodielectric {function with respect to energy and
performed a full line-shape fit, as described in detail in Ref.
39. The experimental data of 4 ’c,/dE ? are shown in Fig. 2
(symbols). We havebeen able toresoivethe B, B, E, + A,
E,, By + Af, B, and E | structures, whereas £, + Ay is
hidden under the £, transition. Due tathe RAE artifact’ and
to their weakness, the indirect transitions below the direct
gap cannot be observed with our ellipsometer. The solid line
in Fig. 2 gives the best fit to the data, the dashed line shows
the imaginary part of the fitted line shape. The CP param-
eters obtained from the fit are given in Table I1. They agree
well with the values in the literature.***! Just as for other
semiconductors,*? the CP energies are a little smaller than
recent electroreflectance data,* but larger than older modu-
lation spectroscopy results of Gavini and Cardona.®’

Y. SEMIEMPIRICAL MODELS FOR THE REFRACTIVE
INDEX

In the past vears, 2 number of semiempirical models
have been proposed to moedel the refractive index # of semi-

o=

<

{

d2e; /dER (103 eV™?)

YN S Y Y W S ) 1} 4 S

3.5 4.0
Energy (V)

3.0

FIG. 2. Numerically calculated second derivative of ¢, (e} of AlSb at 300 K
(+).The E,, E,, E, + A\, E, E{ + &, £, and E| critical points are
indicated. The solid line gives the best it to the data, the dashed line shows
the imaginary part of the theoretical curve.
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TABLE II. Interband critical point (CP) parameters of AlSh at 300 K,
obtained from a fit of the numerically caleulated third derivative of {¢) to
analytical line shapes. The phase angle of £, + A, was forced to be equal to
that of E,. The amplitudes have the dimension eV %% (1) for a2 3D (2D)
CP. The numbers in parentheses give the 95% confidence limits. See Ref. 40
for a comparison with other results.

Energy Broadening Phase angle

[ eV} (meV) Amplitude (deg) Line shape
K, 227¢1) 30(10) K18} 36(20) 3D
E, 2.838(2) 53(23 &(1) 903(5) 2D
E 4+ 45, 3231 8§8(8) 4(1) 90(5) 2D
E; 3.76(1) 34(5) 3D 120020} iD
EL+ AL 3.97(3} 8010} 9(3) 40(40) K1)
E, 4.23(1) 120(18) 6(1) $7G(5) D
E; 5.30(1) 180010 0.8(1)y  108(T) 2D

conductors below the direct gap.'”'® Such information is
important for the design of laser or waveguide structures and
optical experiments with AISb. The model suggested by
Adachi'® is based on an approach used by Cardona'>** and
explains the dispersion of # with the presence of the £, and
E, + A, critical points (CPs):

€(w) = A{ f(hw/E,) + 0.5[Ey/(E, + Ay 1P

Xf{M/(Es)‘FAo”}-FB, (1)

with
_ X2 (1 +x)P - (V—x0)Y?, fxcl;
f(x)—{x‘z[Z——('i+x)”2],, ifxs 1. 2)

In these expressions, £, = 2.27 eV is the energy of the direct
gap {see Table II) and A, = 0.65 eV the spin-orbit spiit-
ting,** as determined from optical measurements. The factor
of | is justified, because the mass of the split-off hole band is
larger than the heavy-hole and smaller than the light-hole
mass. A more accurate treatment” should allow this factor
to vary between about 0.4 and 0.6, but this is complicated by
the complex valence-band structure and the poor accuracy
of the effective masses in AlSb. 4 is refated to the transition
matrix element and used as an adjustable parameter. A very
rough estimate’” with kep theory yields 4 = P ' =2, where
P is the momentum matrix element'® {(in atomic units)
between the conduction band and any of the three valence
bands. 4 could be effectively increased by excitonic interac-
tions'® or by the dispersion from higher-energy (e.g., £,)
transitions. The infiuence of the £, transition should be
stronger than for other semiconductors since this structure
is very close to the £ transition (see Table II}. #is a con-
stant background from higher-energy tramsitions. The pa-
rameters suggested by Adachi'® describe the IR index of re-
fraction,” but not the values measured by us. We have
therefore adjusted the parameters 4 =353 and B= — 1.1
to the best overall fit (dotted line in Fig. 3). The agreement
between model and experiment is very good well below the
band gap, but close to the band gap the disagreement be-
comes intolerable. We thus conclude that 4 was chosen too
large.

A different mode!'” based on Van Vechten’s dielectric
theory™ uses the expressions
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FIG. 3. Real part of the dielectric function of AlSb at 300 K from this work
(@) and from Ref. 7 (O). Semiempirical models from Refs. 18 (dotted
line) and 17 (dashed line) only fit the curve well below the band gap; a
satisfactory model (solid line) has to take into account the E, transitions.

e{w) =¢€f{w)

EX —E?
i 5 2 3 tim 4
+ — Eim_E )E +3ﬂ | E ’
T (( ! 0 E% “"EZ )
(3}
Heﬂf‘ = Dﬁ ~ 7 (4)
arctanf21 eV(1.82/E;) ]
3En, E}, —Ej
=€ () — 1] ————rr,
8 ;‘im “‘Eﬁ
€,{e0) —~1
=2l (5)
(-T-T

Here ,{ o0 ) is the IR diclectric constant, 7 the strength of
the valence transitions, and £, the highest energy for inter-
band transitions which can be obtained from the plasma fre-
quency #iw, = E, = 13.82 eV of the valence electrons'® and
an effective electron density #,. The IR dielectric constant
€;{20) = 9.9 from Ref. 8 could not give a satisfactory fit to
the data. We therefore used €,( 0 ) = 10.2 from Ref. 6 al-
though this is probably too large as discussed above. The
factor D, taking into account the contribution of the & elec-
trons to the valence electron density, can be calculated from
the dielectric theory*® (D = 1.19}, but in this work it was
treated as an adjustable parameter. With D = 1.07, we cb-
tain E;,, = 4.5 eV. The quality of the fit thus obtained
{dashed line in Fig. 3) is comparabie to that of the interband
CP model of Adachi.

Asboth of these models are inadequate, we add a second
term to Eq. (1) for the influence of the E, and E, + A, tran-
sitions. (In principle, two terms are necessary for these
structures. In order to keep the model simple we choose an
average gap.) The resulting contribution of the two-dimen-
sional critical points £, and E, + A, to ¢, is"

Aew)=Cx; ’In (M) ,

v
T — x5

with

(6)
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The fit parameter C can again be estimated ' with kep theory,
with the result C~6, which could be increased by excitonic
enhancements of the £, transitions.”” In Eg. (6) we have
introduced a cutoff energy £, which is justified as the para-
bolic bands of the &, transition do not extend to infinity. We
find £, = 4.6 ¢V by imposing the constraint that the con-
stant background B from higher-energy structures should be
zero. The matrix element parameters obtained from the fit
are A = 4.6 and C = 15, somewhat larger than the k-p esti-
mates (as expected). Figure 3 shows that the agreement be-
tween this fit and the experiment is very good; the difference
is actuallv smaller than the absolute accuracy of our mea-
surement.

VY. CONCLUSION

‘We have developed a polishing method to obtain AlSb
surfaces of high quality, which should be very useful for the
preparation of surfaces for optical measurements as well as
of substrates for epitaxial growth on AlSh. We have mea-
sured the pseudodielectric function of AISbk with a rotating-
analyzer ellipsometer. The results are discussed and evaluat-
ed to give the critical point parameters of AlSb with high
accuracy. The index of refraction below and near the direct
gap can be described very well with a model that takes into
account the dispersion of the B, E, + A,, and E, iransitions.
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