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Direct measurement of quantum-state dispersion in an accumulation layer
at a semiconductor surface
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We use high-resolution photoemission spectroscopy to measure the dispersions of quantized energy levels
located in an accumulation two-dimensional electron channel created in the subsurface region of a semicon-
ductor. The experiments are performed for InAs~110! covered by about 1022 Cs monolayer. From the band
dispersion, the average effective mass of the carriers in the channel is determined. Our findings are further
supported by self-consistent calculations and model-function curve fitting.@S0163-1829~99!07735-8#
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The characterization of electron accumulation and inv
sion layers at interfaces formed with narrow band-gap III-
semiconductors, particularly InAs, was pioneered by Ts1

Recent studies, now performed directly at the surface of s
III-IV semiconductors, have generated considerable rene
interest.2–7 Indeed InAs and InSb belong to this class
semiconductors which present rather unique properties, s
as high carrier densities, even at very low temperatures,
extremely high electron mobilities. These exceptional pr
erties are potentially very promising for a new family
devices able to operate in conditions where the carriers
other semiconductors are frozen. A typical application co
be, for example, the planet Mars exploration. As for oth
III-V semiconductors, well cleaved InAs~110! samples
present no surface states in the fundamental gap, thus e
iting flat band conditions up to the very surface. Howev
we discovered recently that a small amount of alkali me
~;0.01 monolayer! adsorbed on the InAs~110! surface at
room temperature~RT! leads to a strong downward ban
bending which can result in a pinning of the Fermi lev
(EF) at the surface as high as up to 0.6 eV above
conduction-band minimum~CBM! for both types of bulk
doping, thus creating inversion or accumulation layers j
beneath the top surface.8,9 If the mobility of the carriers is
sufficient, these layers could behave as two-dimensio
~2D! electron channels in the vicinity of the surface. Becau
these channels are situated just below the free surface,
can be studied by direct photoemission. We showed i
previous study, performed at room temperature~RT!, that a
small photoemission feature appearing nearEF in the close
vicinity of the Ḡ points of the first and second Brilloui
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zones after adsorption of;0.01 monolayer~ML ! of cesium,
corresponded to emission from such a two-dimensional~2D!
electron channel.9 We further proved that this feature aros
from the emission from two occupied discrete energy lev
within the channel, resulting from quantization along the s
face normal. Due to the very narrow phase space where
emission could be detected and the comparatively large
gular aperture of the photoelectron analyzer this photoem
sion feature was, as a matter of fact, essentially measure
an angle-integrated mode. The angle-integrated densit
states of a 2D system is constant; consequently, in the s
ation of several occupied energy levels, the correspond
photoemission spectrum should present a staircaselike sh

One of the essential parameters for low-temperature
vices is the carrier mobility which requires the knowledge
the effective mass. The latter is still unknown for this ve
promising system.

In this Brief Report, we present the first dispersion
these quantized electronic states ink space for Cs/InAs~110!
and determine the average electron effective mass in the
channel. The experiment was successfully achieved vi
drastic reduction of the analyzer aperture~to increase the
angular-momentum resolution! and by decreasing the tem
perature at 30 K~to reduce phonon broadening!. The experi-
mental results are in excellent agreement with self-consis
calculations.

The synchrotron radiation photoemission experiments
performed at the Laboratoire d’Utilisation du Rayonneme
Electromagnetique~LURE, Universitéde Paris-Sud/Orsay!
using the soft-x-ray light emitted by the Super ACO stora
ring and dispersed by a high-resolution toroidal grati
monochromator at the SU3 beam line. The photoelectron
7752 ©1999 The American Physical Society
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ergy is analyzed by an angle-resolved hemispherical elec
static analyzer with an acceptance angle reduced clos
60.5°. Low-temperature~;30 K! measurements allowed a
overall energetic resolution of;35 meV. The pressure in th
experimental system during data acquisition is always be
than 7310211Torr. Clean InAs~110! surfaces are obtaine
by cleavingin situ n-type ~S doped,;331017cm23! InAs
single-crystal bars. Pure Cs is condensed onto the InAs~110!
surfaces at room temperature from a properly outgas
SAES Getters source, without detectable pressure incr
during deposition. Band bending was measured from
In 4d core-level shifts; we checked that they were the sa
at room temperature and 30 K, which ensures that the do
level was sufficient to avoid any spurious surface volta
effect. TheEF position is taken from the Cu sample holde
The photoemission measurements are performed at a ph
energy ofhn58 eV, sufficiently low to yield enough signa
from the subsurface 2D electron channel, due to the very
kinetic energies and, as a consequence, high escape dep
the outgoing photoelectrons.9

Let us first discuss the shapes of the photoelectron spe
expected for the 2D channel at different analyzer accepta
angles, i.e., for different momentum resolutions. Figure 1~a!
~right side! displays schematically a potential well resultin
from a downward band bending for ann-type sample and the
positions of the first two energy levels relative toEF within
the 2D electron channel. The left side of the figure shows
dispersions of these levels ink space along the component
the momentum parallel to the surface. The right side of F
1~b! shows the integrated density of the two filled sta
~hatched staircase!. The staircaselike overall shape would
that of a spectrum recorded at 0 K with an analyzer accep
tance angleDQa , corresponding ink space toDka>k0 ~k0
is the momentum at the Fermi energy for the ground sta!.
In the opposite case of a very narrow acceptance angleDQa ,
corresponding ink space toDka!k1 ~k1 : momentum at the
Fermi energy for the levelE1! one should obtain the discret
spectrum shown in Fig. 1~c!, i.e., one should detect two na
row isolated peaks instead of the continuous staircase
construction. An intermediate case where the analyzer ac
tance is close to the angular width of the emission from
2D channel is shown in Fig. 1~d!. Of course a real experi
mental spectrum is influenced by the nonzero tempera
and the limited energy resolution of the spectrometer.

We perform self-consistent calculations giving the pote
tial well shape, the electron-energy levels, and the cha
distribution below the surface~following an approach similar
to that of Ref. 10!. We use parameters corresponding to o
actual experimental conditions: dopingn;331017cm23,
EF position at 0.4 eV above the CBM andT530 K. Three
occupied energy levels are found atk50 in the well, respec-
tively, at E05167 meV,E1564 meV, andE2523 meV be-
low EF . The total charge density is zero at the very t
surface ~as expected for a quantized electron gas! and
reaches a maximum ofNs52.1431018electrons/cm3 at a
distance of approximately 52 Å below the very surface.

We now investigate the quantized states dispersion u
photoemission in the vicinity of the center of the first Br
louin zone~normal emission! at 30 K ~Fig. 2!. We clearly
observe emission coming from two peaks located just be
EF , in a narrow angular range of;62.5° from the surface
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normal. It is interesting to notice the close resemblance
these experimental spectra with those depicted in Figs.~c!
and 1~d!. Moreover, the dispersion of these peaks can
followed by a simple visual inspection. However, because
the proximity of the second peak to the Fermi level th
might cause some error in the determination of its maximu

FIG. 1. Schematics of~a! a downward band bending for a
n-type sample~right side! and the positions~relative toEF! of the
first two energy levels of the resulting 2D electron channel; the
side shows the expected dispersions of these two levels ink space;
~b! the integrated density of filled states~right side!, illustrated by
the hatched staircase, expected atT50 K, for a ‘‘large’’ acceptance
angle of the analyzer;~c! the angle-resolved density of filled state
~right side! expected for a very small acceptance angle of the a
lyzer; ~d! an intermediate situation.
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we restrict the evaluation of our data set to the dispersion
the ground-state level (E0) ~peak position in binding energ
versus parallel wave vector for each emission angle!, which
is shown as an inset in Fig. 2. The data points can be w
fitted by a parabola in this narrowk range at the bottom o
the conduction band, although, indeed, InAs has an ove
strongly nonparabolic conduction band.11 From this curve,
we derive the effective mass of the electrons in the 2D ch
nel for motion parallel to the surface:m* 50.05m0 ~m0 is the
free-electron mass!, while the bulk value at the CBM is
0.023m0 .11

Taking into account two filled levels~we were able to
resolve only two filled levels because levelE2 is too close to
EF to be detected!, we can synthesize the overall photoem
sion spectrum at normal emission for such a 2D syst
Since we do not know the real aperture function of our a
lyzer, we assume, for simplicity, that it has a rectangu
shape, i.e., all photoelectrons escaping from the sur
within an angleDQe inferior toDQa are effectively counted
while all other photoelectrons emitted outside of this sm
angle region are not detected. At normal emission, the p
toelectron path deviation from the analyzer optical lens a

FIG. 2. Photoemision spectra taken from the 2D electron ch

nel at different emission angles along theḠ-X̄ direction ~^100& di-

rection in real space! in the vicinity of theḠ point of the InAs~110!
surface. The solid lines are drawn to guide the eyes through
experimental points. The inset shows the electronic state en
dispersion as a function ofki ~black dots!.
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is a function of the kinetic energy; hence, withinDQa , an
angle-averaged 2D density of states is measured. Since
constant, each of the measured filled levels in the photoem
sion energy distribution curve~EDC! should be represente
by a rectangle. The higher binding-energy side of each fil
rectangle state should correspond toki50, while its lower
binding energy side should be set either at the energy co
sponding to the maximum deviationDQa/2, i.e.,Dka/2, or at
the Fermi level energyEF , if Dka/2>k0 ~see Fig. 1!. The
density of states being the same for both levels, the heig
of these rectangles should be equal. However, as show
Ref. 9, the electron densities of each level are localized
different distances below the surface resulting in somew
different attenuations of the photoelectron currents inside
sample, before escaping from the very surface, and thu
different measurable intensities, as shown in Fig. 3. The c
sideration of the cutoff by the Fermi function at 30 K, th
temperature of our measurements, and the spreading du
the instrumental function~assumed to be a Gaussian cont
bution!, results in the solid curve of Fig. 3, which has be
adjusted to give the best fit to the experimental spectru
From the fit, the following optimized free parameters a
derived for the positions of the energy levels and the ins
mental function: E05184 meV, E15100 meV, Gaussian
full width at half maximum is 52 meV. Note that the instru
mental function deduced from this fitting procedure is larg
than our total resolution~35 meV!, obtained from Fermi-step
measurements; this is correct since, here, we must addi
ally take into account the energy spread resulting from
~unknown! angle aperture function. Despite all the assum
simplifications, we nevertheless obtain a rather fair agr
ment with the previously calculated values of the ene
levels ~see above!. The larger difference between the the
retically calculated energy position of the energy levelE1
and that derived from the fitting procedure, as compared
the case ofE0 , is not surprising since the contribution of th
other filled levelE2 , very close toEF , has been neglecte
and also since the escape cone effects mentioned abov
only roughly taken into account in this synthesis.

To summarize, we have performed a direct measurem
of a quantized two-dimensional electron accumulation ch
nel created below the InAs~110! surface by adsorption of a
small amount of cesium using photoemission spectroscop

n-

e
gy

FIG. 3. Best model-function fitting curve~solid line! to the
normal-emission spectrum of Fig 2~dots!; rectangles show the
‘‘ideal’’ effective densities of states for a two subband model of t
degenerated 2D quantized accumulation channel.
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low temperatures. We have individually resolved the discr
energy levels within the channel and measured their dis
sion as a function of the component of the momentum p
allel to the surface. From the dispersion we have determi
te
r-
r-
d

the carrier effective mass within the channel. Self-consist
calculations and model-function adjustment to the exp
mental normal-emission spectrum yield positions of the
ergy levels in agreement with the experimental ones.
.
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