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Hydrogen adsorption on GaAs(110): A study of the surface optical properties
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The linear optical response of the GaAs(110) surface has been investigated by studying the ad-
sorption of hydrogen on semi-insulating and variously doped GaAs(110) using both ellipsometry and
re8ectance difference spectroscopy. The surface optical properties were in8uenced by the hydrogen-
induced change in surface geometry and, hence, the microscopic surface electronic structure, and by
macroscopic band bending effects. We detected surface electronic transitions of the clean surface at
2.75 eV that disappear with hydrogen adsorption, as well as significant hydrogen-induced changes
of the surface optical properties near the bulk critical points. Purthermore, it was observed that
hydrogen adsorption leads to a significantly lower surface anisotropy, as compared to the clean sur-
face, in the case of semi-insulating GaAs(110), where the band bending effects are negligible; the
energy dependence of the surface anisotropy is similar to that reported in the literature for oxidized
GaAs(110), but with a much smaller amplitude. The infiuence of doping is discussed in light of
the band bending effects—the electric-field effect and the unscreening of impurities in the depletion
layer. We estimate the strength of these two contributions and conclude that the unscreening of
impurities predominates over the electric-field effect.

I. INTRODUCTION

In the past two decades clean semiconductor surfaces
and the infiuence of adsorbates on their properties have
been studied extensively. Adsorbates infiuence the sur-
face optical properties by the change in surface geometry
(relaxation, reconstruction) and, hence, the microscopic
surface electronic structure, and by macroscopic band
bending efFects. The GaAs(110) surface is an appropri-
ate candidate to study both contributions separately. No
band bending is apparent for the clean GaAs(110) sur-
face since surface states within the gap are absent. The
outermost atomic layers are relaxed while still retain-
ing a (1xl) configuration. 2 4 Adsorption of gases such
as oxygen or hydrogen yields surface states within the
gap giving rise to band bending effects. s Different sur-
face Fermi level positions were reported for n- and p-type
GaAs: midgap for n type and 0.4 eV above the valence
band maximum for p-type GaAs, similar for both hy-
drogen and oxygen adsorption. . ' The surface relaxation
of the clean surface is reduced by hydrogen or oxygen
adsorption. ' ' Hydrogen adsorption has been studied
less extensively than oxygen, still leaving some open ques-
tions, e.g. , the structure of the hydrogenated surface.

Undoped GaAs allows the study of microscopic sur-
face efFects, i.e., efFects related to the atomic geometry
at the surface and, therefore, to the surface electronic
structure. Surface transitions of the clean GaAs(11Q)
surface were detected in refIection anisotropy measure-
ments around 2.6 eV and 2.8 eV, disappearing with oxy-
gen exposure, whereas the investigation of the oxygen-
induced change in re8ectivity &om low to high dosages
identified only one transition around 2.9 eV. A distinct
feature around 3.6 eV was found in the hydrogen- and

oxygen-induced change in re6ectivity using unpolarized
light. is Surface-induced changes in the optical properties
due to microscopic surface efFects can in general also have
other sources besides transitions between surface states,
i.e., surface-induced changes of bulk states. i '

Doped GaAs(110) is additionally infiuenced by the ef-
fects of band bending: the electric-field efFectis and the
unscreening of impurities in the concomitant depletion
layer. ir The anisotropy of oxygen exposed GaAs(11Q)
surfaces was found to be inBuenced by doping due to
the surface electric field. is'is The unscreening of impuri-
ties escaped attention in past studies of the influence of
doping on the refiectivity or dielectric function.

In this paper, we present a detailed ellipsometric and
reflectance difference study (2—6 eV) of the adsorption
of hydrogen on semi-insulating and variously doped n-
and p-type cleaved GaAs(110) surfaces. Surface tran-
sitions and band bending effects, i.e. , the electric-field
efFect and the unscreening of impurities, are discussed.
It is concluded that the doping infiuence on the surface
optical properties is dominated by the unscreening of im-
purities, whereas the electric-field effect does not play as
exclusive a role as attributed in the literature.

II. EXPERIMENT

A. Experimental setup and samples

The optical properties of cleaved n- and p-type
GaAs(llQ) were determined before and after hydrogen
adsorption using rotating analyzer ellipsometry and re-
Bectance difFerence spectroscopy. Several doping levels
were considered: semi-insulating, p = 2 x 10 cm
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p= 7x 10 cm ~, and n=4.7y 10 Scm . For each
doping level the ellipsometric measurements were per-
formed both with the [001] and [110]axis in the plane of
incidence, in order to determine the (e)[ooi] and (e)[iio]
components of the dielectric tensor. Reflectance differ-
ence spectroscopy was used to measure the surface re-
flectance anisotropy (r[ooi] —p[iio])/r with high sensitiv-
ity ((0.1%). Details about these techniques can be found
elsewhere in the literature. ' All measurements were
performed in an ultrahigh-vacuum system at a pressure
of 10 P Torr at room temperature. The incident and
reflected light beam were fed into the chamber via two
nearly-strain-free windows so as to minimize their effect
on the polarization state of the light. Hydrogen adsorp-
tion was performed in situ by exposure to atomic hydro-
gen. Molecular hydrogen introduced into the chamber,
which does not adsorb on GaAs(110),24 was dissociated
at a hot tungsten filament. The cleaved GaAs(110) sur-
faces were subsequently exposed to different amounts of
atomic hydrogen. We express the exposure in Langmuir
(1 L = 10 s Torr molecular hydrogen x 1 s).

B. Data evaluation

The adsorption of hydrogen changes the optical prop-
erties of GaAs(110) in a thin surface layer whose optical
properties can be determined &om the measured ellipso-
metric angles using a three-phase model (vacuum, sur-
face layer, bulk). We chose the surface normal along
the z axis with the z axis in the plane of incidence. If
the surface layer thickness is small compared to the light
wavelength, the difference in the dielectric function of the
surface layer Ae „, (with respect to the bulk dielectric
function) is connected to the surface excess function bd by
(the z-z plane corresponds to the plane of incidence):is
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represents the GaAs(110) optical properties after hydro-
gen exposure. Note: (e)H —(e),~, „can be written as
((e)~ —~~) —((~).i-- —~~)

The hydrogen-induced change of the surface anisotropy
(b e[ooi] —b e [iio])d was determined &om the complex
reBectivity Ar/r as measured by reflectance difFerence
spectroscopy:
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III. RESULTS
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Hydrogen adsorption changes the optical properties of
the GaAs(110) surface predominantly in the vicinity of
the critical points (the main critical points are Ei at
2.91 eV) Eg + Ag at 3.14 eV) Ep at 4.44 eV and E~ at
4.96 eV) (Ref. 26) as evidenced &om Fig. 1, comparing
the pseudodielectric function (e) of p = 2 x 10is-cm
doped GaAs(110) before and after 100-L hydrogen expo-
sure. The [001] axis was oriented along the plane of inci-
dence (further denoted as [001] polarization). The mea-
surement yields in first approximation the (e)[ooi] com-

ponent of the dielectric tensor.
We describe the hydrogen-induced change in the sur-

face optical properties using the surface excess function
bd [Eq. (1)]. Figure 2 shows for a series of hydrogen
exposures on (a) and (b) semi-insulating, (c) and (d)
p=2 x 10is-cm s, and (e) and (f) p=7 x 10is-cm s-doped
GaAs(110) the imaginary part of the surface excess func-
tion in the [001] (left panel) and [110]polarization (right
panel). The surface excess function bd corresponds, to
a Erst approximation, to the hydrogen-induced change
in the dielectric function of the surface layer: 66[ppy]d
and AetzzpId, respectively. The spectra are dominated

where eq represents the bulk dielectric function, (e) the
pseudodielectric function calculated 6.om the measured
ellipsometric angles as if the bulk+surface system rep-
resents a homogeneous medium and 0 the angle of in-
cidenc'e. The surface excess function bd corresponds di-
rectly to the difference in the surface dielectric function
Ac d (with respect to the bulk dielectric function) if the
difference in surface anisotropy is small (Ac„—Ae = 0;
we assume csA —to be negligible). A large anisotropy de-
stroys this simple relationship, and the optical response
must be treated using Eq. (1). To determine Ae
as hydrogen surface-induced properties minus those of
the clean surface we substituted in cg of Eq. (1) the
GaAs(110) optical properties in the presence of the clean
surface (e),~, „, i.e., prior to hydrogen exposure. (e)
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PIC. 1. Imaginary part of the pseudodielectric function of
p = 2 x 10 -cm -doped cleaved GaAs(110) before (full line)
and after 100-L hydrogen exposure (dashed line) (in the [001]
polarization) .
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FIG. 3. Dependence of the b@, magnitude on hydrogen ex-
posure for p = 2 x 10 -cm -doped GaAs(110) in the [001]
and [110]polarization. b@, exhibits a plateau in the 10—100-L
regime. The dashed lines represent a guide to the eye.
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FIG. 2. Imaginary part of the surface excess function of (a)
and (b) semi-insulating, (c) and (d) p = 2 x 10 -cm, and
(e) and (f) p = 7 x 10 -cm -doped GaAs(110) in the [001]
(left panel) and [110] polarization (right panel) for several
hydrogen exposures.

by two minima around the Eq and Eq + b.q bulk crit-
ical points, which will be denoted as b@, and bE, +a, ,
while weaker structures are also visible around E0 and
E2. b@, and b@,~&, iacrease with hydrogea exposure.
This is illustrated in more detail in Fig. 3 where for
the @=2x 10 8-cm -doped sample the magnitude of the
b@, minimum is plotted as a function of hydrogen expo-
sure. Hydrogen adsorption starts to change the optical
properties for exposures as low as 1 L. En the 10—100-L
regime b@, exhibits a plateau (observed for all doping
levels and polarizations), whereas for higher hydrogen
exposures further increase in b@, is visible. The latter
increase is related to the appearance of a (structured)
background in bd (Fig. 2). As will be discussed later this
background is most likely due to surface etching. Figure
3 illustrates as well the fact that the hydrogen-induced
changes around Eq are stronger in the [001] polarization.

The hydrogen-induced changes were found to decrease
with time (in one case about 30% within several hours),
which is probably due to the desorption of arsenic hydride
or hydrogen. 24 Further investigations are in progress. We
measured the hydrogen-induced changes directly after
hydrogen exposure so that, due to its large time con-
stant, this effect can be neglected.

Hydrogen adsorption should inBuence the optical prop-
erties of semi-insulating GaAs(110) only through mi-
croscopic surface effects, since surface band bending
is negligible. The minima, b@,=(2.91+0.01) eV and
ba, +~, =(3.13+0.01) eV, correspond within the limits of
error to the bulk Eq (2.91 eV) and Eq+b, q (3.14 eV) crit-
ical points. 2s They are stronger in the [001] polarization.

In the [110] polarization, a shoulder at (2.75+0.02) eV
appears in the imaginary part of the surface excess func-
tion [bz in Fig. 2(b)] which is absent ia the other po-
larization. The hydrogen-iaduced change in the surface
anisotropy is seen in Figs. 4 and 5(a). Figure 4 dis-
plays the reflection anisotropy b,RjR = 2hr/r (Ref
22) for a semi-insulating GaAs(110) sample before (full
line) and after 1000-L hydrogen exposure (dashed line) as
determined from the reflectance difference spectroscopy.
Hydrogen adsorption leads to a significantly lower sur-
face anisotropy as compared to the cleaa surface. The
anisotropy was found to be approximately independeat
of hydrogen exposure beyond 10 L. We calculated using
Eq. (2) the hydrogen-induced change in the anisotropy
of the surface dielectric function: (be]ppz] —be(~Io])d.
Its imaginary part is shown ia Fig. 5(a) aad shows, in
agreement with the ellipsometric results, a positive con-
tribution to (he[pox] —Ae]yIp])d for bg, whereas b@, aad
b@,+~, produce a negative one. A change in anisotropy
due to hydrogea adsorption was also observed aear the
Ep and E2 bulk critical points again with larger changes
in the [001] polarization.

Doping enhances the hydrogen-induced change in the
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FIG. 4. Re8ectiou anisotropy (R~QQQI
—R(QQQI)/R of

semi-insulating cleaved GaAs(110) before (fu11 line) and af-
ter 1000-L hydrogen exposure (dashed line).
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Eq. (1) in the case of the large surface depletion layer
thickness as will be discussed later.

IV. DISCUSSION
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FIG. 5. Imaginary part of the hydrogen-induced change
in the anisotropy of the surface dielectric function of
(a) semi-insulating and (b) n = 4.7 x 10 -cm -doped
GaAs(110) for 1000-L hydrogen exposure (determined from
re6ectance difference spectroscopy) .

surface optical response of GaAs(110) due to the ad-
ditional appearance of surface band bending. This is
clearly seen in Figs. 2(c) and (d) where the imaginary
part of the surface excess function for p = 2 x 10
cm s-doped GaAs is shown. The h@, and 8@,+~, min-
ima are significantly enhanced in comparison to semi-
insulating GaAs [Figs. 2(a) and (b)] and, in addition, the
maximum separating both minima becomes much more
pronounced. The hydrogen-induced changes are again
stronger in the [001] polarization. X doping of compara-
ble concentration was found to give similar results. The
8g structure, however, appears to be unaffected by dop-
ing and thus it proves to be a microscopic surface effect.
A further increase in doping to p = 7 x 10 cm re-
sults in a weakening of the structures in bd [Figs. 2(e)
and (f)]. Since the depletion layer thickness decreases as

p /, b —Ae~ increases slower than p / with doping
in the high doping regime. This is an obviously weaker
increase as compared to the low doping regime (stronger
than p~~2) indicating a weakening of the band bending
effects at high doping levels.

Despite the significant doping enhancement of the to-
tal hydrogen-induced changes, the changes in the sur-
face anisotropy (b,E[pp]] —AE[]lp])d show no strong de-

pendence on doping. The anisotropy spectra of a n =
4.7 x 10 cm -doped sample exposed to 1000 L hydro-
gen [Fig. 5(b)] has similar line shape and magnitude as
compared to semi-insulating GaAs(110) [Fig. 5(a)]: the
bg structure is still present, the amplitude of the b@, min-
imum anisotropy is at most only 1/3 larger than for the
semi-insulating one. Only the maximum separating bE,
and b~, +~, appears to change strongly with doping. We
note that the hump around 3.25 eV (above b~, +~, ) is,
at least in part, a consequence of the approximations of

The hydrogen-induced changes in the surface optical
properties are fully established around 10—100-L hydro-
gen exposure as evidenced by the plateau of the b@, min-
imum in the surface excess function (Fig. 3). Etching
of the surface changes the optical properties above 100
L: probably through the evolution of AsHs leaving a Ga-
rich surface. 24 A negative (structured) background ap-
pears in the surface excess function (Fig. 2). To study
the GaAs(110) surface properties we will concentrate on
the region of hydrogen exposure where etching does not
appear, namely on the plateau regime.

Two different mechanisms are responsible for the
change in surface optical properties produced by hydro-
gen adsorption. The change in surface structure and,
hence, the surface electronic response will directly in8u-
ence the surface optical properties. It is established that
hydrogen adsorption reduces strongly the original surface
relaxation. ' This mechanism affects only the first few
monolayers. The second mechanism is associated with
the appearance of band bending due to the emergence
of surface states within the gap. 5 It is only expected in
doped material and in8uences the optical properties in
the much thicker depletion layer with its thickness pro-
portional to p ~2 (n ~~2), where p (n) represents the
dopant concentration.

A. Surface contribution

The microscopic surface contribution can be studied
on semi-insulating GaAs(110) since band banding effects
due to background doping are negligible. 2s The surface
excess function shown in Figs. 2(a) and (b) corresponds
to a first approximation to the hydrogen-induced change
in the surface dielectric function A6[ppy]d and A6[yyp 8,
respectively. However, A6[ppy]d and Ae[&&p]d can be cite-

termined with higher accuracy if the surface anisotropy is
taken into account [using Eq. (1)]. Note: Since we could
not obtain the ellipsometric measurements for both orien-
tations on the same sample, we have used the reQectance
difference measurements to obtain (Ae[ppy] —DE[pip])d.
The so-determined imaginary part of (e,~, —e~)d is
shown in Fig. 6(a) for both polarizations. We assume

to be negligible in this spectral region. In order to
6g

compare our results to other measurements, as well as to
theoretical calculations, P we also evaluated the diKeren-
tial reflectivity (R,~, „—RH)/R~ [Fig. 6(b)] assuming a
5 A. thick surface layer.

The two pronounced maxima in the imaginary part
of (e,~, „—e~)d at 2.91 and 3.12 eV [Fig. 6(a)] agree
rather well with the energies of the Eq and Eq + Aq
bulk critical points. These originate from transitions
in the A direction, i.e. , ]'c along (ill) of the Brillouin
zone. The change in surface structure due to hydro-
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gen adsorption will change the wave functions and tran-
sition matrix elements in the surface region, result-
ing in the observed features and anisotropy (around Ei.
Ae[ppi]/As[iip] = 1.39 6 0.03, i.e., larger changes in the
[001] polarization). Note that for the optical response
of an infinite crystal with zinc-blende-structure such as
GaAs no polarization dependence should be detectable,
i.e. , e[ppi] = e[iip]. The features of the surface excess
function around Ep and Ez [Figs. 2(a) and (b)) seem to
have similar origin. Studies of hydrogen adsorption on
Ge(111) and Si(111) also found structures in the bulk
critical point region.

It is worthwhile to consider the anisotropy of the clean
and hydrogenated surface in more detail (Fig. 4). Hy-
drogen adsorption reduces significantly the anisotropy
of the clean surface (full line), which is consistent with
the reduction in surface relaxation as reported in the
literature. ' The residual anisotropy is similar in line
shape to that found on oxidized GaAs(110),ii but with
a much smaller amplitude. Thus the hydrogenated
GaAs(110) surface relaxation, s as well as the local-field
corrections to the optical response, both inQuencing the
surface anisotropy, prove to be difFerent &om that on ox-
idized GaAs(110).

Two surface transitions of the clean GaAs(110) surface,
Sq around 2.6 eV and S2 around 2.8 eV, mere identified in
room temperature refIection anisotropy measurements.
Similar surface transitions were found in high-resolution
electron-energy-loss spectroscopy studies. The disap-
pearance of the 82 surface transition due to hydrogen
adsorption appears to be the origin for the bg feature at
(2.75+0.02) eV present in the [110] polarization in the

FIG. 6. (a) Imaginary part of the change in the surface di-
electric function (s,~, —s~)d for semi-insulating GaAs(110)
exposed to 100-L hydrogen (in the [001] and [110] polariza-
tion, as evaluated kom the surface excess function using Eq.
(1) taking the surface anisotropy into account) and (b) the
resulting differential ref[ectivity (R,&«n —R~)/Ra (assuming
a 5 A, thick surface layer).

surface excess function [Fig. 2(b)], in the surface dielec-
tric function [Fig. 6(a)), as well as in the differential
reflectivity [Fig. 6(b)]. This feature is, therefore, related
to the clean surface and should give a direct measure of
the removal of the surface relaxation. It is fully estab-
lished within the 10—100-L regime [Fig. 2(b)] which is
consistent with the plateau of the bE, feature (Fig. 3).
Self-consistent local-density calculations have attributed
it to transitions between bulk states of the truncated
crystal. Note that these surface speciGc features are still
retained in doped material where additional band bend-

ing effects enhance the hydrogen-induced changes [Figs.
2(c) and (d)]. No hydrogen-specific surface state transi-
tions could be detected in this study. The distinct feature
around 3.6 eV reported in Ref. 13 was not detected here

[Figs. 2(a) and (b)].
Theoretical calculations of the optical properties of

the hydrogenated GaAs(110) surface are hindered by the
poor knowledge of its structure. DifFerent models were
used:io H sitting on top of the atoms of the first overlayer
and H sitting in the direction of the bonds. We could not
find quantitative agreement between the calculations and
our results.

B. Band bending efFects

Band bending effects can be studied in doped mate-
rial. They contribute to the hydrogen-induced changes
in the surface optical response and can be extracted from
the surface excess function after subtracting the contri-
butions from microscopic surface effects, such as the bs
feature. Subtraction yields a line shape that is similar
to that of the surface excess function in the [001) polar-
ization [Fig. 2(c)] with two pronounced minima around
Ei and Ei+ b, i and a strong maximum separating both.
Note that the critical points are shifted to lower ener-
gies with doping due to the impurity potential infIuence
on the band structure, s4 I which makes this subtraction
more complicated in practice.

Despite the large depletion layer thickness (e.g. , about
170 A. for p = 2 x 10is-cm s-doped GaAs) we use
the approximation of the surface excess function (first-
order approximation in the surface layer thickness) due
to its simplicity and direct connection to measured
quantities. is To justify this procedure, we also calculated
the surface layer properties using the exact three-phase
model (vacuum-surface layer bulk), which, however, still
only approximates the inhomogenous electric Geld as an
average. We found that the line shape and amplitude
of the surface dielectric function &om the surface excess
treatment agree rather well with the result of the ex-
act three-phase model. However, the energy position of
the minima is somewhat shifted, and there is a hump
around 3.2 eV (above Ei + Ei) which seems to be at
least in part due to the approximations of Eq. (1). We
focus on the analysis of the band bending efFects for the
p = 2 x 10 -cm -doped sample around the E~ and
Eq + Aq critical points.

Tmo difFerent effects of band bending must be consid-
ered: the electric-field effect and the unscreening of im-
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purities in the resulting depletion layer. Anisotropy due
to band bending originates solely &om the electric-field
effect as will be shown below, a fact which allows separat-
ing both contributions. Anisotropy re8ection measure-
ments on oxidized doped GaAs(110) reported recently
considered, therefore, only the electric-field efFect. The
importance of the unscreening of impurities has been
pointed out recently: the doping-induced redshift of the
Eq and Eq + 4q critical points in GaAs was found to be
significantly enhanced due to the unscreening of impu-
rities in the depletion layer. Both contributions will be
discussed below in more detail.

In the low-field limit, i.e., at low doping levels, the
electric field induces a change in the dielectric function
Ae proportional to the third derivative of the dielectric
function and the square of the electric-field strength E':

A6fief&f QC E (E e)

(Cl + i,C2)Be/BE (4)

where Cq accounts for the enhanced energy shift and C2
for the enhanced broadening. The unscreening of impu-
rities results obviously in isotropic changes.

The electric-Geld mechanism represents the only
anisotropic band bending effect as will be shown below.
Therefore, anisotropy can be used to separate both band
bending effects. The principal axes of the dielectric ten-
sor in the presence of an electric field along [110] are
oriented along [001], [110],and [110]and the changes in
the dielectric function are given by

The infiuence of the linear electro-optic effect in GaAs
has been shown to be much weaker and, therefore, will

not be discussed here in detail. Note that the electric
field is not homogenous in the depletion region so that
an average field strength has to be used in Eq. (3): it
decreases linearly &om a maximum value proportional
to pl~2 (n1~2) at the surface to a negligible value at the
depletion layer depth [d oc p ~ (n 1~2)].2 For most of
the doping levels considered here the low-field limit of Eq.
(3) is no longer valid and the expression for the electric-
field-induced changes becomes much more complicated. 20

However, the main features are approximately retained,
but with an amplitude saturating at high electric fields

due to the two-dimensional character of the Eq and Eq +
Aq critical points.

The Coulomb potential of the impurities, i.e., dopants,
screened by the free carriers results in the bulk in a
redshift and broadening of the Eq and Eq + Aq criti-
cal points. a ' The removal of &ee carriers in the sur-

face depletion layer, i.e., the unscreening of impurities,
increases the impurity potential inBuence on the opti-
cal response;17 an enhanced redshift and broadening of
the critical points with doping occurs. The hydrogen-
induced change in the dielectric function Ae can then be
approximated by

where gqq, yq2, y44 represents the three independent
nonzero elements of the fourth-rank susceptibility ten-
sor. We find for the Eg region gag

——yg2 and y44 ——2ygg
using the low-field-limit equation, assuming (i) cylin-
drical symmetry for transitions along (111)with parallel
bands along (111) and (ii) transitions for polarization
perpendicular to (111).This results in an anisotropy of

&&[ooi] 4

AE'[y yp] 3 (6)

V. CONCLUSION

i.e., the electric-Beld effect results in larger changes in the
[001] polarization. The dominant feature of the surface
excess function is the bE, minimum. We find that for a
n or p doping in the mid-101s-cm range, most of the
hydrogen-induced change in the surface anisotropy near
b@, [Fig. 5(b)] originates from microscopic surface ef-

fects, which is evident when comparing to semi-insulating
GaAs(110) [Fig. 5(a)]; at most 1/3 originates from the
electric-field effect. The total electric field contribution
to the b@, minimum of the surface excess function, e.g. , in
the [001] polarization [Fig. 2(c)], can be evaluated using
Eq. (6). We find that less than 1/3 originates f'rom the
electric-field effect, whereas more than 1/3 is left to the
unscreening of impurities. The remaining 1/3 represents
the microscopic surface efFects which are the sole contri-
bution in the case of semi-insulating GaAs. Thus for a
mid-10 -cm doping the most pronounced feature in
the hydrogen-induced changes, the b@, minimum, is not
determined by the electric-field effect as previously as-
sumed. This conclusion should also be valid for other
doping levels, since both, the electric-field effect and the
unscreening of impurities are expected to scale similarly
with doping. The electric-field effect, however, is re-
sponsible for the pronounced maximum separating b@,
and b@,+~, [Figs. 2(c), (d), and 5(b)], evident from its
strong doping-enhanced anisotropy.

The reduction of doping infiuence on the surface ex-
cess function hd found for the p = 7 x 101 -cm -doped
sample [Figs. 2(e) and (f) ] indicates that b = Ae must
increase slower than pl~2 with doping in the high doping
regime —an obviously weaker increase as compared to low

doping levels (note that the depletion layer thickness d
is proportional to p 1~ ). A weakening of the doping
dependence of the band bending effects at high doping
levels is responsible for this effect: the doping dependence
of the enhanced redshift and broadening due to the un-

screening of impurities weakens and the electric-field
effect saturates due to the two-dimensional character of
the Eq and Eq+Aq critical points. ' The similar dop-
ing dependence of the surface response function found
for n- and p-type GaAs is due to the comparable barrier
heights at the surface. '

+~[001] = 2z'E' [2X12],
+&[110] —2z~ [Xll + X12 X44] ~

+&[110]—2&~ [Xll + X12 + X44] ~

(5)
The surface optical response of GaAs(110) was inves-

tigated by studying the change in optical properties in-
duced by hydrogen adsorption. We have shown that op-



50 HYDROGEN ADSORPTION ON GaAs(110): A STUDY OF ... 8615

tical methods can be used to characterize surface proper-
ties. Microscopic surface effects, i.e., e6'ects related to the
surface geometry and, therefore, to the microscopic sur-
face electronic structure, were studied on semi-insulating
GaAs. Surface electronic transitions of the clean surface
were detected at 2.75 eV which disappear with hydrogen
exposure, whereas hydrogen speci6c ones could not be
identi6ed. Signi6cant hydrogen-induced changes of the
surface optical properties were observed near the bulk
critical points. We found that hydrogen adsorption leads
to a signi6cantly lower surface anisotropy, as compared
to the clean surface; the energy dependence of the surface
anisotropy is similar to that reported in the literature for
oxidized GaAs(110), but with a much smaller amplitude.
The results have been compared to theoretical calcula-
tions. Band bending effects—the electric-field efFect and

the unscreening of impurities in the depletion layer —were
studied in doped material. Their relative strength was es-
timated. It is concluded that the electric field does not
produce the dominant contribution to the efFect of band
bending on the optical response.
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