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The unpinned behavior of the Fermi level, photovoltage, and recombination velocity is demon-
strated experimentally at room temperature for a p-type GaAs(Cs, O) interface by means of photore-
Bectance and photoluminescence techniques. This behavior manifests itself as the multiple reversible
switching of surface band bending, the amplitude of photore6ectance, and photoluminescence inten-
sity under alternate deposition of cesium and oxygen on a clean surface of epitaxial p-type CaAs
layers. The results prove that cesium-induced donorlike surface states dominate over defect-induced
states.

The nature of electronic states at semiconductor sur-
faces and interfaces is still not completely clarified de-
spite extensive experimental and theoretical studies (see,
for example, Refs. 1—14). In a number of theoretical
models, i surface states induced by crystal defects or
disorder were considered as the reason for the Fermi level

pinning that was observed experimentally in many cases.
In particular, the Fermi level pinning on a GaAs surface
was attributed by Spicer et al. » to intrinsic surface defects
arising at chemisorption of alien atoms. Although origi-
nally the unified defect model (UDM) proposed in Ref. 1
was based on the experiments done on cleaved {110)faces
of GaAs single crystals, later this model together with its
modifications was considered as a universal explanation
of the surface states and applied to other faces of GaAs
and other III-V semiconductors. 2

Further development of the techniques of crystal
growth and surface preparation questioned the univer-
sal character of UDM. Instead of rigid pinning, vari-
ations of the Fermi level, which correlate with adsor-
bate electronegativity, were observed at the surface of
layers grown by molecular beam epitaxy (MBE) after
the removal of a protective arsenic overlayer. Defect-
free metal/semiconductor interfaces were also obtained
by deposition of a metal over a xenon interlayer. The in-
crease of photoluminescence and the unpinned behavior
of the Fermi level were observed after sulfur treatment
of the GaAs surface. ' A convincing example of the
unpinned behavior is the reversible variations ("switch-
ing") of the Fermi level on a GaAs surface observed un-
der alternate deposition of cesium and oxygen. These
reversible variations show that cesium-induced donor-
like surface states dominate over the defect-induced

surface states. Up to now the switching was observed
on cleaved (110)GaAs surfaces and only at low temper-
atures (T = 100 K), when chemical reactions on the
surface are suppressed. ' Therefore it was possible to
reconcile ' 4 the unpinned behavior at low temperature
with the UDM which predicts the formation of intrinsic
defects and Fermi level pinning at higher (room) tem-
perature. In this paper we report the observation of the
reversible switching of band bending and other electronic
properties of the surface of epitaxial p-type GaAs under
alternate deposition of Cs and 02 at room temperature.
The results prove that the unpinned rather than pinned
behavior of the Fermi level is an inherent property of a
carefully prepared surface of epitaxial GaAs. Preliminary
results were published in Ref. 15.

In the present work homogeneously doped p- and
n-type GaAs layers of (100), (110), and (ill) faces
grown by liquid phase epitaxy (LPE) were used together
with MBE-grown UP+ and UN+ structures specially
designed for the precise determination of surface band
bending by photore8ectance spectroscopy. A UP+
(UN+) structure consisted of a Be{Si)-doped (N = 2 x
10 s cm s) 1000-nm-thick p(n)-type GaAs layer grown
on a (100)GaAs substrate and a thin (d, = 100 nm) un-

doped cap layer.
The surface preparation technique included removal

of oxides in the isopropyl-alcohol solution of HCl. This
treatment was done in a glove box 6lled with pure ni-

trogen in order to avoid surface oxidation and uncon-
trolled contamination. A nitrogen-filled transfer vessel
and a loading chamber were used to transfer samples
from the glove box into ultrahigh vacuum (UHV) with-
out contact with room atmosphere. Auger measurements
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showed that after such treatment the surface was en-
riched with 1—2 monolayers (ML) of arsenic and cov-
ered by a submonolayer amount of chlorine and carbon-
contained species, which were removed by the heat clean-
ing of a sample in UHV at relatively low temperature
T = 400 C. The heat cleaning was performed by direct
current Bow.

A halogen lamp with a grating monochromator and a
He-Ne laser with the wavelength of 632.8 nm were used
for the measurements of modulated photorefiectanceis is

(PR) and photoluminescence (PL) intensity IpL.2o The
surface electric field was determined from the positions
of the extrema of Franz-Keldysh oscillations in PR spec-
tra as described in Refs. 16—18. The band bending y,
was calculated from the measured values of the field. To-
gether with the band bending, we studied the evolution
of the amplitude of the photorefiectance signal. The am-

plitude of PR is proportional to the modulation of surface
potential under modulated illumination, that is, to the
modulated surface photovoltage (SPV). SPV originates
from the screening of the surface electric field by free
photoexcited charged carriers and from the capture of
photoelectrons by surface states. The photoluminescence
studied here originates from the radiative recombination
of photoelectrons and holes in the bulk of the GaAs layer,
but the intensity of PL is controlled by the surface recom-
bination rate. Thus PR and PL techniques enabled us
to monitor the surface band bending (which depends on
the equilibrium filling of surface states), as well as the
surface capture and recombination rates of nonequilib-
rium photoelectrons.

It should be noted that the surface photovoltage av-

eraged over the modulation period causes systematic re-
duction of the measured values of band bending. is ~

To minimize an error in y, related to the photovoltage,
we measured the PR spectra at low laser light intensity
of about 0.05 mW/cm 2. Additional measurements at
various light intensities and at elevated temperatures up
to 200'C allowed us to estimate this error to be below
0.1 eV.

PhotoreBectance spectra measured on a clean surface
of a UP+ structure and after successive deposition of
Cs and 02 are shown in Fig. 1. One can see that af-
ter each Cs deposition the period and the amplitude of
Franz-Keldysh oscillations increased. After oxygen expo-
sure the oscillations shrank and the amplitude decreased
by about a factor of 50. The detailed evolution of band
bending p, and the amplitude of the PR signal (AR/R)o
on UP+ (open symbols) and UN+ (closed symbols) struc-
tures is shown in Fig. 2 for the first three cycles of Cs-0
deposition. Band bending p, = 0.30 eV was observed
at the clean surface of the VP+ structure. This value
is lower than y, = 0.5—0.7 eV reported for the MBE-
grown p-type GaAs(100) surface decapped from the pro-
tective arsenic overlayer. At the 6rst Cs deposition on
a clean surface, the band bending increased rapidly &om
y, = 0.30 eV to a maximum of 0.70 eV at Cs cover-
age 8 = 0.2 ML and then slowly decreased down to y,
= 0.55 eV at 8 = 1 ML. Subsequent oxygen exposure
caused a decrease of p, to 0.27 eV. Further alternate de-
position of Cs and 02 led to reversible switching of the
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FIG. 1. Photore8ectance spectra of a UP+ structure. The
upper curve corresponds to a clean surface, the other curves
were measured after successive deposition of Cs and Oq, as
indicated in the figure. The deposition was done at T=300 K.
The doses were measured in monolayers (ML) for cesium and
in langmuirs (L) for oxygen (1 L = 10 Torrs). Reversible
switching of the period and amplitude of Franz-Keldysh os-
cillations are clearly seen.

band bending between large cesium and small oxygen
values. Similar switching of rp, was observed in Ref. 12
at low temperatures. The amplitude of photore8ectance,
which is proportional to the surface photovoltage, be-
haved qualitatively similarly to the band bending. It is
seen from Fig. 2 that the variations of y, and (4R/R)o
are much smaller for n-type GaAs than for p-type GaAs.

Multiple reversible switching of electronic properties
was also observed on the surface of homogeneously doped
p-type GaAs layers grown by LPE (see Fig. 3). Maximal
and minimal values of p„(b,R/R)o, and IpL are shown
in Fig. 3 up to the ninth cycle of alternate Cs and 02
deposition. It is seen that the amplitude of switching
did not decrease up to the sixth cycle. Starting from the
third cycle almost Hat bands with p, —0.07+0.02 eV
were observed after oxygen exposure. The switching was
observed on (100), (110),and (ill) crystal faces of p-type
GaAs layers grown by LPE. Again, for homogeneously
doped n-type GaAs layers, p, and (b,R/R)o were nearly
constant.
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FIG. 2. The evolution of band bending y, and photore-
fiectance amplitude (b,R/R)0 for the first three cycles of suc-
cessive deposition of Cs and Oq on clean surfaces of UP+
(open symbols connected with solid lines) and UN+ (closed
symbols connected with dotted lines) structures.

The results presented in Figs. 1—3 prove that on a
p-type GaAs(Cs, O) interface formed at room tempera-
ture, the band bending and other electronic properties
are determined not by defects, ' but by adatom-induced
surface states. Apparently, at small coverages 8 &
0.2 ML, cesium atoms act like surface donors, which do-
nate electrons to the bulk of p-type GaAs, charge the
surface positively, and thus cause the increase of equilib-
rium band bending. ' The overshoot of y, that takes
place with increasing coverage 8 ) 0.2 ML is due to grad-
ual evolution of the surface states induced by individual
cesium adatoms into the metal-induced gap states.
The increase of PR amplitude, which is proportional to
SPV, can be explained by the increase of photoelectron
capture on positively charged donorlike surface states at
the initial stage of Cs deposition. The decrease of the
SPV at higher cesium coverages (close to one monolayer)
is probably due to the lateral leakage of photoelectrons to
recombination centers along the conducting Cs layer. Un-
der oxygen exposure the neutralization of the Cs-induced
donorlike surface states and the respective decrease of
band bending takes place under oxygen exposure due to
the oxidation of cesium. Moreover, the observation of
Hat bands after few Cs-0 deposition cycles indicates that
the reduction of the concentration or some kind of com-
pensation of the surface states responsible for the initial
band bending takes place rather than generation of new
defect-induced states.

The behavior of band bending in n-type GaAs is also
consistent with the role of cesium-induced states as sur-
face donors. Band bending on a clean surface of n-type
GaAs is determined by the negative charge of initial ac-
ceptorlike surface states. At 0 ( 0.1 ML, a small decrease
of y, is explained by partial discharge of the surface by
cesium-induced donors, which lie in energy above the ac-
ceptor states. The restoration of the initial band bending
at 0 = 1 is due to the movement of Cs-induced surface
states toward the position below the surface acceptor lev-
els.
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FIG. 3. The evolution of band bending p„photore-
fiectance amplitude (b,R/R)0, and photoluminescence inten-

sity Ip& at multiple alternate deposition of Cs and Oz on a
clean surface of homogeneously doped p-type GaAs with dop-
ing concentration equal to 1.5 x 10 cm . The deposition
of the first layer of Cs is shown in detail. The dose of Cs in

all cycles corresponded to one monolayer; the dose of 02 was

equal to 20 L in the first cycle, 4 L in the second cycle, and
1 L in all other cycles.

The relation between possible structure of the Cs-0
overlayer and the observed multiple reversible switching
is still not clear. It was shown by means of x-ray pho-
toelectron spectroscopy that during the alternate depo-
sition of Cs and 02, the amount of Cs on the surface in-
creased linearly with the overall cesium exposure. This
rules out the model of the switching as periodical repro-
duction of the same GaAs(Cs, O) structure by alternate
adsorption and desorption of the adsorbates. Further
studies are needed to choose among the models that ex-
plain switching by electron charge transfer through a Cs-
0 overlayer, or by cluster structure of the overlayer.

In conclusion, multiple reversible switching of surface
electronic properties was observed at room temperature
under alternate deposition of cesium and oxygen on dif-
ferent crystal faces of epitaxial p-type GaAs layers. This
unpinned behavior proves the domination of the adatom-
induced surface states over the defect-induced states on
the p-type GaAs(Cs, O) interface.
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